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ANNOTATION 


Flight of Aircraft: with Partial and Unbalanced Thrust. Gal- 
lay, M.L.,; "Mashinostroyeniye," Moscow, 1970, 192 pp. 


The book investigates Ythe, motion of multiengined aircraft 
flying with partial and unbalancedsthpust as a result of failure 
of engines. © as Oa 

Consideration is given to the probability characteristics of 
such flight, the manner in which external factors and the aero- 
dynamic parameters of the aircraft influence it, steady route 
flight, landing approach, and. landing and takeoff with partial 
powerplant failure. 


A special chapter is devoted to the. standards for airworthi- 
ness of aircraft, which codify their - characteristics for cases of 
engine > petrure.s and methods of determining conformity to them in 
flight tests. 


In. setting forth the material, a special attempt has been 
made to bring out the:physics of the phenomena governing the di- 
vergent motion of the aircraft. 


The book is intended for. design-office, test-station, and 
user-organization engineers, as well as for flight crews. At the 
same time, it should be helpful to instructors and students at 
the aeronautical higher educational institutions. With 3 tables, 
85 illustrations, and a bibliography with 23 source citations. 


“Numbers in the margin indicate pagination in the foreign text. 
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FOREWORD 


The extensive use made of multiengined aircraft ain modern 
aviation has resulted in a substantial improvement of flight safe- 
ty, but at the same time the probability of failure of one or moré 
engines among those forming the powerplant of the multiengined 
aircraft has increased accordingly. 


Thus the problem of flight with partial and unbalanced thrust 
has now become a highly urgent one. 


The present volume deals with a range of problems related to 
the dynamics of the divergent. motion of the aircraft immediately 
after failure of an engine (in particular, a lateral engine, i.e., 
one located outside the plane of symmetry of the vehicle), to the 
parameters of the steady flight regime that follows, to execution 
of the necessary maneuvers — turns, landing approach, landing — 
and to the influence of the airplane's design parameters and pilot 
handling on the course taken by the above processes. 


The author has made a special effort to present the physical 
essentials of the phenomena that attend flight with partial and 
unbalanced thrust. Not all of the cases of such flight that are 
examined in this book are equally probable in practice. For cer- 
tain types of aircraft, e.g., passenger aircraft, many of them 
would be correctly regarded as inadmissible. Nevertheless, it is 
best not to exclude them from consideration, firstly because the oc- 
currence of such cases is possible on aircraft of other types and, 
secondly, because their analysis is helpful in understanding the 
nature of the unfolding phenomena. Moreover, many situations that 
are inadmissible in normal operations may arise in flight tests. 


The practical recommendations given in the book are of two 
kinds: some of them are addressed to design-organization workers 
and concern parameters that ensure acceptable properties of the 
aircraft in flight withpartial and unbalanced thrust, while others 
are meant for the flight crew and contain guidelines for optimum 
piloting in this rather complicated flight situation. 


Considering the category of readers to whom the book is re- 
commended, the author has considered it possible to employ the 
generally known propositions of the standard aircraft aerodynamics 
course without any supplementary explanations. Most of the sym- 
bols used in the book are standard in the literature on aerody- 
namics and flight dynamics. In the occasional cases in which a 
new or unfamiliar designation is introduced, it is explained im- 
mediately in the text. 


Over a number of years, many important aspects of the problem 
of flying an airplane with partial and unbalanced thrust have been 


vil 
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illuminated by V.F. Bolotnikov, V.S. Vedrov, A.A. Kalachikov, N.V. 
Lebedev, V.S. Lunyakov, M.I. Mazurskiy, V.N. Matveyev, I.V. Ostos- 
lavskiy, A.I. Okhonskiy, V.S. Pyshnov, A.L. Raykh, D.A. Sorkin, 
V.G. Tabachnikov, M.A., Tayts, A.V. Peano Chumachenko, and 
Other scientists, engineers, and. oe The author.has, made use 
of their results in this volume. ? oa _ 


Moreover, in preparing the book for publication, the author 
had the opportunity to supplement his. own, experience in test-fly- 
ing multiengined aircraft of.various,types: with partial and un- 
balanced thrust in extremely ‘valuable consultations with Ya.l. 
Vernikov, Honored Test Pilot.of the USSR, and Candidate. of Tech- 
nical Sciences N.G. Shchitayev, and also: profited. by .the remarks 
of the book's reviewers, Doctor of Technical Sciences. and Profés- 
sor A.Ye. Donov and Candidate of Technical Sciences M.V. pease ee: 
I extend my conerat eee to. all. of eheeG poueens. 


The publisher and’ auton: will be pleased fo. He ceive peader 
comments on the,content, exposition, . and design of the book,:. which 
should be addressed to_ meee om wee l-y. Basmannyy per,.., 35:12zd-vo 
"Mashinostroyeniye." ” . Oy. eee a i ee ee 
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INTRODUCTION IB 


‘During the early development of aviation, the:powerplants of 
“airplanes contained a single engine.. Failure of this single -:en- 

gine in flight invariably resulted in eithér.a crash or.a forced 

landing. 


Single-engined powerplants did not enjoy their monopoly: for 
long. Only a few years. passed before aircraft with two, three, 
and more engines began to appear .in many countries. ‘For example, - 
the Russian four-engined "Il'ya Muromets" airplane, the German 
“bimotor "Gotha" and - others ‘were used as early as in the First 
World War. 


The development of multiengined aircraft: proceeded. without 
letup in the years that followed. The main reason for this ap- 
peared to be that the aviation engines:of.the time could not de- 
liver the power needed as. the weight and.dimensions of the air- 


-~"planes continued to increase. As a-result, a trend“toward a fur- 


ther increase in the number of engines made its appearance. in the 
early 1930's. It was then that the eight-engined land-based ANT- 
20 "Maksim Gor'kiy" and the twelve-engined Dornier DO-X flying 
boat were built. 


With the installation of two or more engines on an airplane, 
it became possible in principle to continue flight with partial 
thrust, 1.e., flight after failure of one or more engines. 


Even today, however, a failure of engines on one side is cor- 
rectly regarded in aviation practice as one of the most complicated 
particular cases. Worldwide aviation experience indicates that it 
has resulted in disaster on more than one occasion. However, the 
Same experierice gives grounds for the statement that failure of a 
lateral engine does not mean that grave consequences are fatally 
inevitable. Two basic conditions must be met to ensure a favor- 
able outcome in the event of one-sided engine failure: firstly, /6 
layout and design of the airplane with use of the means known to 
present-day aviation engineering for ensuring acceptable control- 
lability characteristics in flight with unbalanced thrust and, 
secondly; rational and deliberate actions on the part of the crew. 


The title of the book includes two adjectives that character- 
ize the performance of the powerplant after failure of one or more 
of the engines composing it: "partial" and "unbalanced." On air- 
craft of certain widely used configurations, e.g., two-engined air- 
craft, they are inevitably synonymous: partial thrust is invariably 
unbalanced at the same time. 


In the general case, however, separate manifestations of 
these criteria are conceivable. Thus, when the central engine of 


a three- -engined. aircraft fails, powerplant‘ thrust becomes ' partial, 
but it. remains. balanced.. With certain. types’ of. aircraft . (for ex= 
ample, the Soviet Be-30 passenger. airplane), provision is made for 
installation ofa synchronizing shaft that couples the propellers 
kinematically in such a way that when one engine fails, the power’ 
of the eee engine is distributed symmetrically to both pro= 
peller Conversely, if the engines of an airplane have an‘ aug- 
noneees thrust. reserve such that after failure of one of them the | 
crew can still increase the thrust. of the remaining engines to re= 
store the original total thrust, Plight will continue with. un+ 
balanced but. full. thrust. 


The cases cited above are onpavacivedy rt 
Usually, failure of. one or more engines of a multiengined air- 
plane is equivalent to transition to, flight. with. a thrust that is 
simultaneously both partial and unbalanced. ' It is this combined ° 
case — the most general one — that will be examined further. in. - 
this book.. = Fs 7 et 


In recent years, the auavengined schemé ‘Has ‘cofe into grden 
spread use. in both. military. and civil aviation. The impossibility 


of obtaining the required “thrust | from. a ‘single engine has not. been 


the only reason for this. Modern aviation: already has engines: 
that develop thrusts of 15,000 to 20,000. kg and more.. A. second 
and no less important. factor has’ been. one of flight safety; whiéh, 


as will be shown below, depends strongly on: ‘the composition’ ‘of thé | - 


powerplant. 


a : 


Needless to say, other considerations, such | as ‘the. total. cost 


of the engines, . conveniéncé in operation, required ground servicing 


time, etc., also influence the deéision ‘as to the number of a eee 


gines to be included in the powerplant Of a given type of airplane. 


However, these considerations: are less ‘weighty ' than’ the aforemeri= “~~ 


tioned two. basic. ones. 


. At the préserit time (again: ‘eléarly . because of the inéreased® 
thrust delivered by modern engines ana their. increased rellas~ °: 


bility), powerplants consisting’ of six, eight, or more engines ‘are 
almost. never used.* An _example that is characteristic in'this re-" 


spect.is the development of a family of heavy’ transonic aircraft 
by the American firm Boeing: while this firm' s B+ 52 Strategic | 
bomber was. designed with eight: engines, later: Boeing» aircraft of 
similar configuration — the C-135 ‘aerial- -refueling tanker and the 
707 jetliner each carried only four more powerful engines, and the 
number has even been reduced to three. in. the Boeing (2 bs 


*Vertical-takeoff aircraft, which may have larger numbers of en= 
gines, represent an exception in this respect. However; s such ve= 
hicles are not considered in this book. - 


a 


The contemporary. view, _which is reflected in the requirements 
of the International Civil (‘Aviation Organization (ICAO), is that 
passenger aircraft to be used’ for flights across oceans, the Arctic, 
and broad uninhabited or sparsely populated desert ‘regions must 
have no. fewer than four engines. = 

” the once-vanished thieé“énigttied configuration: has’ ‘again come’ 
into éxtensive use in recent years. It is embodied in the soviet 
‘Tu=154 and. Yak-40, the American Boeing 727, and the British BAC- 
lil. 

Thus, the three- and four-engined powerplants may be recog- 
nized today as dominant in the design of heavy aircraft. 


As a mule: aircraft of lighter ‘types, designed for me dium- 
haul and local service, have ‘two engines. 


With this makeup of the aircraft pool, it is natural that 
the problem of flight with partial and unbalanced thrust has ac- 
anTTee Rae toe ican 


a considering partial powerplant failure from the standpoint 
of flight safety, it must; of course, be remembered that engine 
failure. is only one of many possible dangerous phenomena that may 
arise An, flight. It is also necessary to bear in mind the possi- 
bility of encountering powerful wind gusts, icing, fire, collisions 
with other aircraft or ground obstacles, and many others. 


Statistics. indicate that the failure of engines and engine 
sys tems ‘is still one of the most frequently occurring forms of 
mechanical failure. It is no accident that almost every Flight 
Manual lists engine failure first in its tabulation of the so- 

called "special cases." - 


According to the ICAO, the majority of interrupted trans- /8 
Atlantic passenger. flights (forced returns to the airport of de- 
parture or landing on islands) known from reports in the periodic- 
als have also been due to various types of trouble in engines and 
their systems. In recent years, however, world aviation practice 
has experienced relatively fewer air disasters due to powerplant 
failure than it had in the past. This has been because the modern 
multiengined airplane has the ability to continue. flight with par- 
vege and unbalanced thrust after failure of some of its engines. 


Vf 
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Chapter I /9 


PROBABILITY CHARACTERISTICS OF FLIGHT WITH 
PARTIAL AND UNBALANCED THRUST ON AIRCRAFT 
OF VARIOUS CONFIGURATIONS* 


1. INFLUENCE OF TOTAL (n) AND CRITICAL (m) NUMBERS OF ENGINES ON . 
THE PROBABILITY OF FORCED INTERRUPTION OF FLIGHT 


As the number of engines in an airplane's powerplant in- 
creases, the probability of failure of one of them also naturally 
increases, other conditions the same. 


On the other hand, the consequences of such failure become 
less dangerous: while engine failure on a single-engined airplane 
inevitably resulted in termination of the flight (1i.e., at best a 
forced landing), the multiengined aircraft is capable of continu- 
ing in flight after failure of one or even more engines. 


It is the interaction of the above two factors that determines 
the probability of the possible outcomes of partial powerplant fail- 
ure on an airplane: forced termination of the flight or its con-. 
tinuation with partial and unbalanced thrust. 


In practice, retention of the ability to continue level flight 
requires more than the existence of some single regime in which 
this requirement can be met. To be sure of horizontal-flight 
capabilities under real conditions, with execution of smooth head- 
ing changes, encounters with ordinary atmospheric disturbances, 
etc., it is necessary that there be a definite range of flight 
speeds without loss of altitude. The notion of the airplane's 
capability to continue level flight should be understood in this 
sense here and below. 


The probability of failure of an isolated engine, designated /10 
p, is the initial parameter in an analysis of the probability char- 


acteristics of aircraft flight with partial and unbalanced thrust. 


Needless to say, in speaking of the ability or inability of 
an airplane to continue flight after failure of one or more en- 
gines, we are being somewhat arbitrary. Both "ability" and "in- 
ability" may manifest in different ways in similar situations. 


#In this case, we mean by the configuration of an airplane the 
total aggregate of the characteristics that determine its ability 

to perform level flight in the event of failure of one or more of 
the engines in its powerplant, namely: the number of engines, their 
placement, the airplane's power-to-weight ratio, its aerodynamic 
and weight characteristics, and even elements of equipment (for 
example, propeller-feathering devices). 
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When the engine of a single-engined aircraft fails, it descends at - 
an angie whose tangent tan® = 1/K, where K is the lift-drag ratio 
of the airplane in the particular configuration with consideration 
of the drag of the out engine. For most modern aircraft, with 
their characteristic high loads per unit wing area, this descent 
occurs at vertical velocities ranging into the tens of meters per 
second. As a result, forced landings, while possible, can be made 
only in the immediate vicinity of the point at which the engine 
failure occurred. 

Even if it is not capable of continuing level flight on one. 
engine,* a two-engined aircraft, on the other hand, can neverthe- 
less use the thrust of the second, running engine after failure of 
the other, and thus descend, as a rule, at a moderate vertical 
velocity. If a certain altitude margin is available, the airplane 
can use it to reach, if not the nearest airport, at least the most 
suitable landing site, and there is enough time for the crew and 
passengers to prepare for the landing (or ditching). Consequently, 
although formally both of the aircraft named in this example have 
the same undesirable property — the inability to continue level 
flight with one engine out, the practical safety of the second one 
is obviously greater. 


Note must also. be taken of the fact that forced landings pre- 
sent different degrees of risk to the lives of the passengers and. 
crew under different terrain conditions (flat country, woods, moun- 
tains, ocean, etc.). Such factors as the landing speed of the air- 
plane, the design of its undercarriage, the strength of the cabin, 
and even the availability of seat belts and the positions of the 
passenger seats with respect to the direction of flight are also of 
no small importance here. 


Consequently, the possibility or impossibility of continuing 
level flight after failure of a given number of engines cannot be 
regarded mechanically as a characteristic that defines flight 
safety fully. For example, equal safety ratings should not be /1l1 
given to a light, slow-moving aircraft flying over level terrain 
and a main-line transoceanic aircraft, even if their inherent 
probabilities of forced termination of flight are equal. 


Turning to the opposite property — the ability of an airplane 
to continue flight after failure of some of its engines — it must 
also be remembered here that this property may in practice manifest 
in different ways. Thus, it is most frequently possible to con- 
tinue flight after failure of some engines only at an altitude 
considerably lower (as a rule, by several kilometers) than the 


*Use of such airplanes is regarded as unacceptable according to 
modern standards, but two-engined aircraft that were incapable of 
flight with one engine running did exist at earlier stages in the 
development of aviation. 


normal cruising.:-altitude. * ‘As’ Will. be: shown -below (see Chapter 
III), a forced descent, although it does not in itself imply .an 
immediate landing, is almost always detrimental to flight range. 
and, consequently; may prevent the.:airplane from reaching its des- 
tination. rues easily understood-that, let ‘us say, in flights. 
over the ocean,.-a forced descent is almost. as bad as the prospect 
of terminating the ‘flight immediately. 


In addition, it must be remembered that. the probability of 
encountering clouds increases with the descent to. a lower level; 
this may result in icing of the airplane, flight through zones of 
higher turbulence, and other phenomena that are Just as pavecaen’ 
from the standpoint of flight safety. 


In 1936, when V.P. Chkalov was preparing for his flight from 
Moscow across the Arctic to the Far East, he was asked why he had. 
chosen an ANT-25 single-engined airplane for this flight instead 
of a four-engined machine. His answer: "One engine means one hun~ 
dred percent risk, and four engines four hundred percent." 
strictly speaking, this response could be considered valid only 
if failure of a single engine on the four-engined airplane con- 
cerned would result in forced termination of the flight, which, 
generally speaking, did not follow from the characteristics of the 
machine. However, a subsequent event, the 1937 crash of the air- 
‘plane in which S.A. Levanevskiy's crew attempted to fly from Mos- 
cow across the North Pole to America, showed that’ Chkalov's remark 
was valid for certain conditions. Failure of one engine on Leven- 
evskiy's airplane forced a descent to lower altitude and continua- 
tion of the flight in clouds under icing conditions, which, to — 
judge from available evidence, were the mos t probable. cause of the 
Gisaster. 


Thus, consideration of the "ability" or "inability" of an f/12 
airplane to continue flight after. failure of some engines in iso- 
lation from the conditions under which the flight | is being made 
does not give a complete answer to the question posed. | 


Nevertheless, in order to obtain at least a first- -approxima- _ 
tion basis for quantitative comparison of aircraft with different 
configurations from the standpoint of flight. safety in the case of 
interest to us, it is éxpedient, even with consideration of all of 
the reservations stated above, to take as our basic defining 


*This rule has exceptions in the comparatively rare cases in 

which the cruising speed is determined not by the output capabil- 
ity of the powerplant (available excess power), but by other cir- 
cumstances, e.g., passenger cabin pressurization conditions. One 
of these exceptions may be found in the Be-30 airplane, which is ~* 
capable of flying at the cruising altitude established | for it with 
one engine running. 


parameter the probability of forced termination of the flight am 


due to partial powerplant failure at a given probability p of fail- 
ure of an isolated engine with its accessory systems. This last 
quantity can.be established from statistical data ‘for a given type 
of engine. It will usually be referred to a certain number of 
flight hours logged. -Here we mean -by failure of ari isolated en- 
gine or systems thereof (fuel, lubrication, etc.) in cruising 
flight a malfunction that makes it impossible to obtain the enPust 
(power) necessary ‘for flight from the engine and. one that ‘cannot 

be corrected in flight. - - 


The possibility of er rs estimation of the a eae aiay 
of forced termination of flight owing to failure of some engines 
at a stated probability of isolated-engine failure for aircraft of 
different design layouts and dynamic data (total number of engines, 
ability to continue flight. after failure of some of them) would be 
highly useful in aircraft design, preparation of tactical-techni- 
cal specifications, selection of hardware for performance of spec- 
ific functions, appraisal of the readiness of a newly acquired 
airplane for passenger hauling, and in a number of other cases in 
the production and operation ‘of aircraft. 


Let. us assume that n engines are mounted on an .airplane, that 
the probability of failure of each of them is p, and that no fewer 
than m engines must fail to render the airplane incapable of con- 
tinuing level flight. 


In ‘other words, flight is. no longer possibile on (n - m) en- 
gines, but it is still possible on (n - m+ 1) engines. 


Then the probability P em that the airplane will be unable to 


complete a flight successfully will .equal the probability of fail- 
ure of m engines out of n. 


Strictly speaking, we should also add to this the probability 
of failure of (m'+ 1) engines, (m + 2), and so forth up to and in- 
cluding the probability of failure. of all n engines, since in any 
of these cases continuation of the flight would be the more impos- 
sible. However, the sum of the probabilities of all these cases 
is very small (it is proportional to higher powers of p) compared 
with the probability of failure of m engines ‘and can be left out 
of account with no detriment to the practical accuracy of the cal- 
culations. : 

Here At is assumed that all of the engines ‘on the airplane 
are mutually independent, i.e., that failure of one of them does 
not depend on -the good working order of the others and, in turn, 
does not influence their performance. In the overwhelming major- 
ity.of cases, this assumption is realistic; the known exceptions 
will be discussed separately. 


178) 


According to the Bernoulli formula, - Ene probability of fail- 
ure of m engines out of n is 


Pim = © pr(l— pyr 


m 

where C is the number of possible combinations of m elements taken 
"on 

nata time, which, as we know, equals 


ni 
mi(n— im)! ° 


Or, recognizing that the higher powers of p, beginning with 
(m+ 1), can be rejected, 


Pies Gop™. | (1) 


. This formula enables us to determine the probabilities. of 
forced termination of flight, Pam » for the basic design layouts of 


modern aircraft as functions of the reliability 'of the engines 
mounted on them (see Table 1). 


Figure l represents the P. m*P relation graphically for var-" 
jous n aug m. | 


Here the values of P are plotted against the axis of ordi- 


tm 
nates on a logarithmic scale, since the absolute values that they | 
take for’ the various relationships of n to m differ from one an- : 
other quite substantially — by factors in the hundreds , thousands , 
and tens of thousands. There is no doubt that such substantial. | 
differences greatly reduce the importance of the reservations . 

stated above as to the need for applying qualitative corrections 

to the results obtained by the proposed method. Even when these 

corrections are taken into account, the difference in the degrees 
of flight safety for aircraft of different er Ne on par-. 
tial Beare of their pOWwerpeanre remains striking. | 


The- éffect of changes in the argument, itself ~ ‘the’ proba- | 
bility of isolated-engine failure — 1s also comparatively small 
against the background of such relationships. For this reason, 
the possible inaccuracies of available information on the impor- 
tance of the latter may also be without any substantial influence’ 
on the results of a flight-safety comparison ‘made: between .aircraft 
having different total and, most importantly, critical numbers of. 
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_ TABLE 1. PROBABILITY OF FORCED TERMINATION OF 
FLIGHT AS A RESULT*OF FAILURE OF ENGINES ON 
VARIOUS TYPES OF AIRCRAFT 


Total. num- - 
ber: of en- 
gines, n 


Critical Probabil- 
number of ity of forced 
engines, m termination 


Description of airplane 


Single-éngined :* -° pe wee a) Pp 
Two-engined, incapable | 
of flight with one en- 2 1 2p 


gine running 


Two-engined, capable of 
flight with one engine 2 2 p- 
‘running , 


Three- weneiyied. capable 
of flight with no fewer 3 | 2 3p? 
than two engines running 


Three-engined, capable sigs . 
of flight with one en- 3 | 3 pe 
gine running 


2 oe ee 


Four-engined, :capable 


of flight with no fewer. | h 2 6p? 
than three. engines Pun- 
ning he 


Four-engined, capable 
of flight with no fewer 4 | 3 Up 8 
than two engines running 


engines. This qase remark is of no small importance, since it is 
precisely the practical worker who need not expect fully accurate 
data characterizing the reliability of the isolated engine, and 
especially that of new models, which are of the greatest interest 
from the Standpoint of estimating the probable degree of flight 
safety. a 


We see from Fig. 1 that if a four-engined siesaeiie is capa- 
ble of continuing ‘flight after failure of two engines, its proba- 
bility of forced termination will, other ‘conditions the same; dif- 
fer by a factor 4p from the corresponding probability for a two- 
engined airplane capable of flying on one engine. For realistic 
values of p, this sag tase to a sharp increase in safety; ‘thus, 
if we take’ p= 1075 the probability an for this four-engined air- 


plane will be only f ‘1075 of that for such a two-engined air- 
plane. .As:p. increases further, this difference becomés still more 
appréciable.- However, if the four-engined airplane were capable 
of sentinuing flight only after failure of no more than one engine, 


of flight, Pry 


™N 
hw 
= 


its reliability would be .sub- 
Stantially (by a factor of 6) 


ble of flying on one engine. 


Thus, the critical num- 


ber of engines m is the prin- 
cipal decisive factor in de- 
termining flight safety after 
partial powerplant failure. 


The influence of all 
other factors, including even 
p, which characterizes the 
reliability of the isolated 
engine, is incomparably 
Smaller. 


And, for this reason, it 


hardware and placing it in 
operation to give first at- 
tention to those design and 
equipment elements of the 
airplane whose proper func- 


Figure 1. Probability P f tioning determines the criti- 
ieee — oS? cal number m. Herein lies 


Forced Termination of Flight the key to improvement of the 
Due to Partial Powerplant Fail- operating safety of the air- 
ure as a Function of the Proba- Plane as a whole. | 
bility (p) of Failure of an | | 

Isolated Engine for Aircraft As an example of such an 
with Various Total (n) and element, we might refer to 
Critical (m) Numbers of En- the propeller-feathering sys- 
gines. tem of a four-engined turbo- 


prop airplane. When the pro- 

| pellers of engines that have 
failed are feathered, such an airplane is, as a rule, capable of 
continuing flight even after failure of two out of the four en- 
gines. As we indicated above, this lowers the probability of 
forced termination of the flight by a large factor compared with 
the probability of termination of a two-engined airplane capable 
of flight on one engine — the classical configuration of the re- 


cent past (assuming, of course, that their engines are equally re- 


liable).- But it is only necessary for the feathering system to 

fail to render the four-engined turboprop airplane hardly capable 
of continuing flight after failure of only one engine, and its in- 
herent flight safety is no longer better, but several times worse 
than that of the two-engined airplane. In other words, a decrease 
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inferior to the reliability of 
the two-engined airplane capa- 


is necessary in finalizing new 
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in the number* min this case has the effect of transferring the 
airplane from one safety category to another, lower one. And, 
paradox though it may seem, we find that reliability of the 
feathering system is more important for flight safety than even 
the reliability of the engines themselves! 


It is for this reason that doubly and triply redundant 
feathering systems are used on all modern turboprop-engined air- 
craft. ‘ 


On the other hand, the presently observed tendency toward 
Substantially longer times-to-overhaul of aircraft engines (up to 
several thousand engine hours), which is extremely important from 
the standpoint.of air~transport economy, has unquestionably become 
possible not only because the engines themselves have been made 
more reliable, but also because the modern multiengined aircraft 
is capable of continuing flight in safety after failure of some of 
its engines. 


In essence, we have here a manifestation of.a general trend 
that is characteristic for modern reliability theory — the de- 
velopment of systems whose reliabilities are considerably greater 
than those of the elements of which they are composed. 


In fact, as we see from Fig. 1, the same probability of 
forced termination of flight in aircraft with different total and 
critical numbers of engines corresponds to substantially different 
reliability values for the isolated engine. This fact might be of 
interest, for example, when new aircraft types are being placed in 
Service and their use in routine operations hinges on their at- 
tainment of a general reliability level no poorer than that of the 
aircraft already in service (although the engines on the new air- 
craft may not have been brought up to the same reliability level 
as the engines on the aircraft in use). 


Analysis of the curves in Fig. 1 shows that the requirement 
sometimes made of aircraft according to which they must be capable 
of continuing level flight for an extended time after failure of a 
stated fraction of the total number of engines (e.g., 50%) does 
not altogether accurately characterize the comparative degrees of 

safety of different aircraft in this case. Failure of one engine 
of a two-engined airplane (50% of the powerplant) is considerably 
more probable than failure of two engines of a. four- engined air- 
craft (the same 50%). 


¥It should be remembered that the critical number m, unlike the 
total number of engines n, is not forever inherent to an airplane 
of a given type. On the same airplane, it may vary as a function 
of flight weight (burnoff of fuel, payload), undercarriage and 
wing-flap positions, and other similar factors. 


ia. 


In other words, an increase in m increases flight safety to 
a much greater degree than an increase inn lowers it. 


: .We noted above that in some cases, failure of one of the en- 
gines may result in failure, self-shutdown (for example, as:a re- 
sult of severe surging or disturbances to the normal motion of..air. 
at the intake), or forced shutdown (for example, in the event of 
fire) of a neighboring or several neighboring engines, which, 
naturally, it would be inappropriate to regard as isolated. in such | 
a situation. Practice has even witnessed cases in which a broken. .: : 
compressor blade thrown by one engine was inducted into the air.:° © 
intake of the engine beside it, putting Lt out of service Ceo]. 


In analyzing the probability of such cases, at is savcatene: 
to consider the combination of several engines whose mutual ef- |. 
fects on one another are not excluded as a single unit. . The solu- 
tion of a closely related problem was given by V. wns Siforov in’ a 
plication to electronic systems [16]. : 


There is reason to expect that the ee of the reciprocal os 
effects of engine failures will become substantially more urgent: *: 
with the advent of VTOL and STOL aircraft in which it is proposed 
to use a large number of compactly spaced lifting netics: 

Clustering of engines is relatively seldom sncountered among“ 
the aircraft presently in service. A set of measures designed CO.” 
ensure a high degree of functioning independence among ” the neigh- ««° 
boring engines is therefore specially designed into such aircraft °° 
and tested in flight tests: separation of the air streams at the; * 
intakes, fire-resistant insulation, independent control, .fuel- = .°* 
supply, and lubricating systems, etc. As a result, the’ assumption. f/18 
made above. to the effect that random failures of: engines: on’ modern 5" — 
thoroughly refined and finalized aircraft are mutually indepedent - 
may be regarded as practically acceptable. 


e. PROBABILITY OF FLIGHT WITH PARTIAL AND UNBALANCED THRUST 


Thus, the trend to larger critical numbers of’ engines that is’: 
characteristic for present-day aircraft design is highly favorable 
from the standpoint of safety. But it also inevitably involves at’ 
the same time an increase in the total number of engines forming. 
the airplane's powerplant, with the result that there is also an 
increase in the probability Pi of partial-thrust flight itself, 
which represents the sum of the failure probabilities of x engines 
out of m, where 1 < x < (m- 1): 


x=m—) y 

t P, = > C p*, pa 

x=} i i 

or, recognizing the ‘smallness of the subsequent terms of ‘the ~~~ - 


series as compared with the first, 


_ 


12 


Pi=np. (2) 


Needless. to say, this formula is not applicable to the single- 
engined airplane or.to the two-engined airplane that is incapable 
of flight with one. engine.running, since in these cases partial- 
thrust flight is totally impossible (P, = .0). 


For all other airplanes, however, the probability of. flight 
with partial thrust increases in direct proportion to the number 
of Snernee: that they carry. 


The probability Py of flight with unbalanced thrust for a two- 
engined airplane capable of continuing flight on one engine is 


naturally equal to its probability of. flight with partial thrust. 


. , For a four-engined airplane capable of flying on two:engines, 
the ‘probability of flight with unbalanced thrust will be somewhat 
lower than that of only partial thrust. When one engine fails, 
partial-thrust flight will necessarily be at the same time un- 
balanced. However, when, two engines fail (which is highly improb-. 
able, but still not totally excluded), cases of both unbalanced 
and balanced thrust are possible, depending on the positions of 
the running and nonrunning engines. Denoting the possible com- 
binations of running engines (by their numbers from one outboard 
end to the other) 1+ 2, 1+.-3, 1+ 4, 2 + 3, 2-+ 4, 3+ 4, it is 
easily seen that only one-third of the indicated possible combina- 
tions: (those underscored) correspond to flight with balanced 
thrust, and the other two-thirds to unbalanced-thrust flight. 
True, the degree of imbalance when the two engines on one wing /19 
remain running will differ substantially from the imbalance when. 
the .running engines are the outboard engine on one wing and the 
inboard engine on-the other. 


| However, as was shown above, the probability of failure of 
two engines on the same: flight is so much lower than that of fail- 
ure of a single engine that it is quite admissible to disregard 
the possibility altogether, the more so since only. 2/3 of the pos- 
sible combinations in double engine failure result in unbalanced 
thrust. We may therefore assume that even for a four-engined air- 
plane 


Pye P, np. 


The situation is somewhat different with the three-engined 
airplane. If it is capable of flight after failure of only one 
of its engines, the probability of unbalanced-thrust flight will 
be Pa = 2/3np = ep, i.e., it will correspond to the probability of 
failure of one of the lateral engines. 


ee 


If, however, the same airplane can, continue flight after. fail- 
ure of two.engines, a second term.is added. to the above quantity 
to reflect the probability of failure of one of the lateral en- 
gines in combination with failure of the central engine. But here 
again, since the cofactor p* appears in this second term, it can 
be dropped without. practical detriment to calculation accuracy. 


Thus, the general formula for rough estimation of the proba-_ 
bility of flight of an airplane of one of the modern configura- 
tions with unbalanced thrust will be | 


Pron. (3) 


where n' is the number. of engines mounted on the airplane outside 
its plane of symmetry.. | : 


This circumstance cannot but be regarded as another positive 
property of aircraft having at least one of the engines situated 
in the plane of symmetry, and of three-engined aircraft in parti- - 
cular. Seah 


Figure 2 indicates the proba- 
bilities of flight with partial | 
and unbalanced thrust as they 
depend on the probability of iso- 
lated-engine failure for aircraft 
with several of the configura- 
tions most commonly encountered. 
at the present time. We see from 
comparison of Figs. 1 and 2 that 
the safest aircraft (from the 
viewpoint of the possibility of 
continued flight after failure of 
some engines) have, at the same 
time, the highest probabilities 
of flight with partial and un- 
balanced thrust. | 


At the present reliability 


| 05-195 19-5 95 = 2-05 op level of aviation engines, the 
probability of flight with par- 
Figure .2. Probabilities of tial and unbalanced thrust is in 
Flight with Partial (P,) and all cases several orders higher 
Unbalanced (P2) Thrust as than the probability of forced 
Functions of the Probability termination of the flight. 
p of Failure of an Isolated 
Engine for Aircraft with | This circumstance, which is 
Various Number of Engines n. characteristic for contemporary 
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aviation, calls urgently for study of the dynamics of the flight 
of modern two- and multiengined aircraft with partial: and unbal- 
anced thrust and ee eee and proere ne methods for such 
flight. 


In speaking of the pxbplbRriey “cnatacteniaticd oF pisane wien: 


partial and unbalanced thrust, it must be remembered that the sta- 
tistical probabilities of failure of an engine of a given type are 
usually related to a definite number of logged engine hours. If 

it is: necessary to. find the probabilities P am? Pas or. P2 referred 


to some other parameter, Css, passenger-kilometers , it is first 
necessary to convert the corresponding starting value of p ‘by mul- 
tiplying it by the correction coefficient 


1. 
DE 
where T is the time to which the. initial failure. probability p of 
an engine of the particular type is. referred, in-hours. V is the 
flight speed (average) of the. particular ‘type of aircraft, in 
km/h; i is the numb er of passengers. | 


The. results of this conversion indicate that, other condi- 
tions the same, modern high-speed. multipassenger aircraft are 
relatively safer than the slow aircraft of the recent past, which 
were designed for small numbers of passengers. 


1) 


Chapter II 


DIVERGENT ‘MOTION: OF THEAIRGCRAFT AFTER LOSS 
OF THRUST SYMMETRY 


1. MOMENT OF UNBALANCED THRUST. PILOT REACTION 

| Failure of an-engine located outside the airplane's plane of 
symmetry gives.rise to an unbalanced-thrust moment Mi + that tends 
to turn the airplane around its vertical axis as shown schematic- 
ally in Fig. 3. 


The magnitude of the unbalanced-thrust moment is equal to the 
product of the distance z from the line of action of the failed 
engine's thrust to the center of gravity of the airplane times the 
sum of the thrust P of the engine positioned symmetrically with 
respect to the out engine plus the drag Qo, Of the out engine: 


My = P2+Q,,2—=(P + Qen) 2: 


In practice, the aerodynamic drag Qo, of the out engine some- 
times reaches values neglect of which would result. in calculated 


values of the moment My " substantially lower than the actual ones. 


Thus, the total aerodynamic drag of an airplane having two 
turbojet engines may increase to 125-130% of its original value in 
normal flight with balanced thrust when the airplane flies on one 
engine [19]. 


The basic cause of this additional drag is autorotation of 
the out engine. Consequently, the drag .Q o depends on the auto- 
rotation speed. = 


On propeller aircraft, the autorotation or windmilling rpm 
are substantially higher than on aircraft with turbojet or turbo- 
fan engines because the propeller governor always adjusts propel- 


ler pitch (in the range between stops) in such a way as to preserve 


the original rpm. 


The drag of an autorotating turboprop engine is especially 
large, and may even exceed the rated thrust of a running engine 
of. the same type. The physical causes of this effect and methods 
of overcoming it will be the subjects of a special discussion (in 
Sec. 6 of this chapter). 


Since the basic cause of the additional drag sa of the out 
engine is its autorotation, it is necessary to establish the 
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Source from which the energy necessary to 
drive the autorotation is drawn in order 
to understand the essence of the phenome- 
non. It is easily shown that the energy 
of the oncoming air stream is the only 
such source. However, this draft on the 
available energy inevitably results in 
further deceleration of the stream and, 
as a consequence, a corresponding in- 
crease in aerodynamic drag. To overcome 
the additional drag that has appeared, it 
is necessary either to increase the 
thrust of the remaining working engines 
or to use the longitudinal component of 
the airplane's weight, i.e., to go from 
level to descending flight (or from a 
climb to level flight). However, these 
measures cannot be taken instantaneously, 
immediately after failure of one of the 
engines. Subsequent compensation for the 
thrust missing in such a situation will 
be considered later (see Chapter III). 
However, in analyzing the divergent mo- 
tion of the airplane during the first 
few seconds after failure of a lateral 
engine, we should begin from the fact 
that the effects of both the imbalance 
and, in particular, the deficiency of 
thrust are practically uncompensated dur- 
ing these first few seconds by any de- 
liberate action of the pilot. 


The reason for this is that the re- 
action of a human to a change in his ex- 
ternal situation occurs not instantan- 
eously, but after a certain time has 
elapsed, in accordance with natural phy- 
siological laws. 


It has been established that the 
length of this interval, which is known 
as the reaction time or simply the re- 
‘action, varies over a rather broad range 
under the influence of a number of fac- 
tors. 


Thus, Z. Gerathewohl [5] notes that 
",..even under ideal conditions, the hu- 
man reaction time is approximately 0.1 
sec, but in most cases encountered in 
everyday life, a considerably longer 
time elapses between the signal and the 


Figure 3. Diagram 
Showing Turn Exe- 
cuted by Airplane 
Under the Action of 
an Unbalanced-Thrust 
moment M, 4: 1) 


Straight-line flight 
with symmetrical 


thrust; 2) failure 


of one engine, Mi ‘ 
= (P + Q..)23 3) ro- 


tation of airplane's 
axis of symmetry 
under the action of 
the unbalanced- 
thrust moment (the 
trajectory remains 
rectilinear on iner- 
tia); 4) trajectory 
of motion deflects 
as a result of rota- 
tion of the air- 


plane's symmetry axis. 
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response that it triggers." Here, according to Gerathewohl, the 
reaction time depends strongly on the nature of the stimulus. Thus, 
under the ideal laboratory conditions referred to. above, the aver- 
age reaction times were: 


0.09-0.19 sec.for tactile. stimuli, 
0.12-0.18 sec for auditory Stimuli, and 
0.15-0.22-sec for visual stimuli. 


It is interesting to note that from the standpoint of speed,, 
the visual information channel was found to be far from the best; 
nevertheless, it is the principal channel in determining. human ac-.. 
tivity in the "pilot-airplane" system because of a number of its 
other advantages (volume of ans Ormeytens detail, clarity, ete. 4 


Under real conditions, human ReaceiOn time is influenced by. 
such factors.as the complexity of the required reaction; surprise, 
the degree of danger (real or imagined) presented by the external 
disturbance, and many others. As a result, the reaction time. may 
be increased to several seconds. | | ee 

In this case, definite importance attaches to the natural. 
traits of the individual. Some people are known to have a- ten- 
dency to slower or faster reactions. The physiological ‘condition 
of the individual at the particular time is of no small importance. 


Under the influence of conditioning — general conditioning aimed 
at developing fast reactions in general or specific conditioning... 
Limited to the refinement of certain operations — reaction times 
may be substantially reduced (sometimes to a fraction). 


In this case, therefore, the subjective factors . characteriz-- 
ing the individual are of great importance. However, the objective 
conditions under which this reaction is to take place are neverthe-. 
less found to.have the strongest influence on human reaction time. 


Foremost among these circumstances are the unexpectedness Of =. 
the phenomena requiring a certain response.reaction on the part of 
the human and.the complexity of this reaction. For example, the . 
reaction delay of a normal healthy individual normally does..not ex- 
ceed 0.15-0.20 sec in such a classical psychophysiological experi- 
ment as the one in which a button is pressed in response to the 
lighting of a lamp. However, it is. only necessary to complicate 
the experiment slightly, for example, by requiring that the button /25 
be pressed only when a lamp of a certain color lights up,. to in- 
erease the time of the more complicated. reaction to 0.5-0.6 sec. 

The need to choose, evaluate, and take a decision involves addi-. 
tional time. 


- 
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:"* The reaction to occurrences that are rare: (and, consequently, 
improbable at any given time) is even more complex and hence 
slower, the more so if it is at the same time not without bearing 
on the safety of the individual whose reaction is being investi- 
gated (it will be observed without prompting: that these last two 
conditions — unexpectedness and the possibility of danger — are 
fully consistent with engine failure in flight). Special experi- 
ments have shown that a reaction requiring the perception and 
evaluation of phenomena that are unexpected and, in addition, 
dangerous for the individual and determination of both the basic 
expediency of response actions and the nature of these actions is 
inevitably protracted-in time to: several times the- figure ‘for a 
emp te reaction (of the "lLamp- button" type). 


It’ has been seeeeued: in certain studies of pilot handling of 
aircraft that the pilot's time to react to engine failure may be 
further: extended because the pilot is not ,imme'diately aware of the 
very fact that the failure has occurred. es 

Thus, N.V. Lebedev (97 eetnted out that "an inexperienced 
pilot manages to detect an engine failure quickly in-far from all 
cases, since it is difficult for him to detect it by ear in his 
sealed cabin enclosure with his headset on and tightly covering 
his ears. Not even the’ tachometer advises. him of engine failure 
at once, since the propeller governor. .continues to‘ hold revolu- 
tions constant. There may be ‘no outward signs of changes in 
engine performance, such as popping from the exhaust pipes,. smoke 
or vapor from under the’ cowling, an increase in the vibration of 
one engine as compared to the others, etc., and if there are the 
pilot does not: always turn his attention to them at once." The 
above remarks were made with propeller aircraft in mind, but they 
are also fully applicable to aircraft with gas-turbine engines. 


The only exception to be taken to Lebedev' s statement is that 
the pilot has essentially the task-of reacting not so much to the 
very’ fact of engine failure as to the consequence of this fact, 
i.e., the divergent motion of the airplane (in particular, the 
drop off:onto one wing), which it is impossible not to notice in 
the overwhelming majority of cases. For this reason, it is now 
the convention to define the instant of engine failure as the in- 
stant at~ which the decrease in its thrust becomes noticeable in 
the behavior of the airplane or from instrument readings. 


True, there have also been cases in which the pilot noticed /26 
neither the failure of the engine nor the subsequent divergent 
motion of the airplane. While taking off in a heavy: strategic jet 
bomber’ with four engines mounted in the root section of the wing 
in close proximity to the fuselage, one highly experienced pilot 
did not notice failure of one of the engines on the last third of 
the takeoff run. This is easily explainable: to determine by ear 
from a cabin far up in the nose of the airplane whether four or 
three engines are running is difficult; the wide range of takeoff 
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weights at which the particular airplane was flown.had made it COLT S44, 6 
ficult for the pilot.:to accustom himself :to. any definite takeoff - 
distance; but the principal and no doubt decisive. factor was that. 
aircraft of this configuration are not subject to substantial un-. 
balanced-thrust moments on failure of one-engine. Hence the ten-. 
dency of the airplane to yaw and drop. off to the side was so weak 

that the pilot did not distinguish it from the external disturb- 
ances, as a signal against the noise background, .and countered it 
easily by. a small reflex deflection of the controls. 


However, when engine failure results in a pronounced diver- 
gent lateral motion of.the airplane, the first thing required of 
the pilot is, as will be shown below, that he counter the motion | 


independently of analysis of its causes. 


However, since the pilot's. reaction cannot. oS instantaneous 
even when his actions are patterned in this way, it is customary. 
to regard the divergent motion of the airplane during the first 
few seconds (usually five) . after failure of a lateral engine as an 
uncontrolled motion taking ‘place. without intervention by the 
pilot. 


This assumption is expedient not. only because it corresponds 
quite closely to the actual state of affairs and reflects a situ-. 
ation that is possible in practice, but also because examination 
of the characteristics of the airplane's uncontrolled divergent 
motion during a given time interval after failure of a lateral 
engine makes it possible to evaluate its behavior objectively in 
this extremely important case of flight and to determine the com-. 
formity (or nonconformity) of this behavior to the established 
standards. | 


In practice, the aerodynamic characteristics of an airplane 
are not always sufficiently effective to ensure acceptable uncon- 
trolled-motion parameters in such cases. The most efficient way 
to overcome this deficiency is to provide the control systems of. 
modern aircraft with automatic devices that ensure a sharp increase 
in the damping of the divergent motion or even active countering 
of that motion (automatic piloting). However, the incorporation 
of automating elements into control. systems is so widely practiced. 
in contemporary aircraft design that there is no basis for link- , /27 
ing it exclusively to the dynamics of the ‘airplane with an un- a 
balanced thrust deficiency. However, there is no doubt that the — 
operation of the automatic stabilizing devices will make itself 
especially strongly felt in precisely this case, which is one. of 
the most complex encountered in flight practice. In particular, 
it should be noted that such devices, which are capable of respond- 
ing much faster than a man, provide correspondingly more timely 
intervention in control on failure of a lateral engine. Here the 
probable delay time is no longer five seconds, but at least ane 
order shorter. As a result, the amplitude of the divergent motion, 
especially in roll, is also found to be significantly smaller, and 
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relatively less energetic activity on ‘the part of. the pilot is 
required to counter ‘it. Damping “devices that operate indepen- 
dently of one another ‘in all-three basic channels — pitch, yaw, 
and roll — are installed-on -most modern airplanes. ‘The last two 
channels are especially important -for’ aircraft whose engines are 
positioned far outside ‘the plane of symmetry. 

Failure of one engine, irrespective of the number of engines 
on the airplane, is usually taken as. the basic theoretical case 
for analysis of divergent motion under the action of unbalanced 
thrust. “This assumption must also be’ recognized. as quite sound. 
The failure probability of a modern engine is-extremely-.low-in © 
the first place,-and even if we assume the possibility of failure 
of a second engine or even more engines:on the same flight inde- 
pendently of the first, such a failure could, in any event, occur 
only when the divergént motion of ‘the airplane caused by failure 
of the first engine has. already been brought under control. On 
the other hand, simultaneous failure of two mutually independent 
engines should be regarded as practically improbable for aircraft 
with modern configurations:: Provision must obviously be made’ for 
this possibility on VTOL aircraft, which may carry 12, 16, 20 or 
more lifting engines, whose very number, together with the rela- 
tively short running times characteristic for them, will evidently 
require a new approach to estimation of the probability of a sub- 
sequent engine failure before’ the oP creche motion caused. by the 
preceding. failure has’ been steadied. 


2. SLIP CAUSED BY FAILURE OF A LATERAL ENGINE AND ITS | INFLUENCE 
ON THE MOTION OF THE AIRPLANE : 


Under the action of an unbalanced-thrust moment,. an airplane 
turns about its vertical axis; this also turns the line of action 
of the thrust of the running engines. However, the trajectory of 
the airplane's motion cannot rotate instantaneously, with no time 
lag, together with the longitudinal axis of the airplane and the 
line of thrust action. The inertia inherent to the airplane, as 
to any material body possessing mass, tends to resist this rota- 
tion. As a result, the trajectory turns with a definite time lag 
behind the rotation of the airplane's longitudinal axis. As a 
result , an angle of slip 8 forms between the airplane's plane of 
symmetry: and the direction of its motion (velocity vector) 5 as is 
shown schematically in Fig. 3. 
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If the motion of the airplane under the action of the moment . 
My ra is not subsequently counteracted, the angle of slip will tend 


toa certain value 8; at which equilibrium is established between 
the unbalanced-thrust moment and the restoring weathercock moment 


M8 that naturally arises during slip (Fig. 4): 


My p+ Mp0: -. 
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Va ' The angle of slip that can be ! 
J “gone of local flight path | attained in uncontrolled motion of aa 
N instability an airplane under the action of an 
7. unbalanced-thrust moment varies in. 

‘very broad limits depending on the ~ 
airplane's flight path stability, 
-its thrust-weight ratio (i.e., the 
relative thrust of the engine sym- 
metrical with respect to the one 
that has failed), the drag of the 

= failed engine, and especially the 
Figure 4. Illustrating offset of the engines relative to 


the Notion of the Equi- the plane of symmetry. On existing 
librium Angle of Slip. aircraft, this last quantity varies. 


in a very broad range and, naturally, 
other conditions the same,- the fail- 
ure of engines on the aircraft shown 
as examples in Figs. 5 and 6 will give rise to unbalanced-thrust. 
moments that differ from one another in proportion to the offset 
of these engines. 


In view of: the possibility of the airplane's assuming ae 
large angles of slip. in this case (upwards of ten degrees), i 
would be desirable to: have at least a qualitative estimate ie, -the 
danger pre eentce by this 2 ene the precise nature of its mani — 
festations. 


Slip may a in two respects. 


Firstly, detachment: of the flow past the vertical tailplane, - 
‘and sometimes even reversal of the rudder, may occur at large 
angles of slip, with the result that the restoring moment of flight 
ipath stability drops sharply, the angle of slip increases even 
further, and the airplane turns on its trajectory through an-angle such that /29 
the flow also detaches from the wing, possibly stalling the air- 
plane. It is customary to consider that stalling is due to pitch- 
up to angles of attack larger than critical. This is the case in 
most instances of practical flying. For example, large angles of 
slip have a strong influence on the critical (detachment) angle of 
attack, tending to make it smaller (Fig. 7). However, the possi- 
bility of stalling directly as a result of assumption of large 
angles of slip cannot be excluded in certain cases. These situa- 
tions include, as we know, the loss of flight path stability by aircraft flying 
at high supersonic speeds (M > 2.5-3). 


However, in the range of normal cruising Mach numbers, yaw 
to the angles of slip at which the flow may separate from the ver-. 
tical tailplane is improbable. 


The second and, as has been shown by practice, most immediate 
and therefore most real danger associated with slip consists in the 
appearance of divergent motion not only in the flight path plane, but also «© /30 
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in the transverse plane, i.e. anking of the airplane. Many 
types of aircraft do not yaw as res as they roll in the di- - 
rection of the,out engine. Characteristically, it’ is precisely 
the amount of. roll. that occurs during a predetermined time inter- 
val (usually.5 sec). after engine. failure without pilot interven- 
tion, rather than any other parameter, that is taken as a criter- 
fon in evaluating the. actual parameters of an airplane's motion 
after failure of.a lateral engine. 


It may seem strange at first glance that the application of 
an external moment in the. yaw. plane causes the airplane to respond 
principally in the transverse plane, in which no external distur- 
bances are acting. The explana- - 
tion is to be sought in the laws 
governing the influence of lat- 
eral static stability on the 
motion. of an airplane, of which. 
we shall speak in greater de- 
tail below (see Sec. 4 of this 
chapter). The two components of 
thisi stability -— transverse and 
directional — are closely re- 
lated to one another and, as a 
rule, manifested together. 


Therefore, despite the 
fact that the external disturb- 
ance in our case acts only in 
the yaw plane, the airplane re- 
sponds to it with. a combined 
lateral motion BpOUe two axes: 

xX and y. 


Strictly speaking, slip | 
also has. a certain influence on 


the aerodynamic moments acting : 6, pha 

in the third (pitch) plane. In. cae me 
most cases, however, this ef- Figure 5. Airplane with Out- 
fect is relatively minor. Air- board Engines Mounted Far Out- 
craft with the now quite com- side the Plane of Symmetry. 


mon T-shaped tails, which de-. 

velop a pronounced pitchdown 

moment during slip, are an exception. From the standpoint of 
lowering the stall probability, this phenomenon must be regarded 
as favorable: in the presence of slip, the airplane tends to drop 
its nose and go to smaller angles of attack (this will be recog- 
nized as. especiaily important in light of the characteristic de- 
pendence of on itself on 8 as indicated in Fig. 7). 


However, we must not overlook the fact that, for example, in 


the landing approach, the pitchdown moment due to slip adds to the 
moment of. the same sign that usually arises when the wing flaps 


e3 


Figure 7. Influence of 
Slip on Critical Angle 
‘ of Attack. ; 


are in position for land- 


ing. A result, th 
Figure 6. Airplane with Engines Situ- nae ite eae ea ies 


level out and land may 
be reduced considerably. 


3. EQUATIONS OF THE AIRPLANE'S LATERAL. DIVERGENT MOTION 


The equations of the lateral divergent motion represent par- 
ticular cases of the general system of differential equations of 
motion of the airplane for the conditions V = const, a = const, #9 = 
= const, ‘and a= const, and take the form | 


m (“ee +aVy— wV , |=Z+Qcos sin ys 


Tm yee (4) 


jo ae =) My 


7 =w,—w, cos ytg d, 


where Js and J. are the moments of inertia 


of the airplane er eae an 


Ww and W, are the angular velocities responding 


M, and M, are the external-force moments omer 


yY is the angle of roll and 9 is the angle of pitch. 


Transforming this equation system with consideration of the ~~ /32 
fact that B, Y, wey > and w, are small, we obtain 
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Failure of lateral engine. Appearance of angle of 


Appearance of unbalanced-. Slip 8B owing to rota-~ 
thrust moment M tion with angular velo- 
Usb 
city w 
J 
Appearance of yaw angular Appearance of roll angu- 
velocity w under the ac- lar velocity WO, owing to 
tion of the moment My t the appearance of direc- 


tionally stable. air- 
plane's response to 
slip 8 


Fig. 8. Illustrating Sequence of Phenomena Accompanying 


Divergent Motion of Airplane Under Action of Unbalanced- 
Thrust Moment. | 


os8 \ 
o=< Zoe, sin a--wy Cos a 4- ——— a 
B x Oy 

ce im aaa Wy» 

dt J (5) 
‘dwy My M,¥ i . 
— at Lp 4" “og +h re 

ay 
aw SD  — & t 9 

dt ce Oy'8 


To obtain results of most general form from analysis of the 
lateral stability of a given airplane under these conditions , to 
determine the nature of the divergent lateral motion (oscillatory 
or spiral) and the rate at which it is damped, equation system (5) 
is subjected to further transformations: it is reduced to dimen- 
sionless form and the roots of the characteristic equation corre- 
sponding to particular solutions of the system are analyzed. The 
Solution of Eqs. (5) enables us to compute both the free motion of 
the airplane that arises under the action of an instantaneous dis~ 
turbance and the motion of the airplane due to the unb alanced- 
thrust moment. * 


| Figure 8 is a schematic representation of the physical pat- 
tern of the airplane's motion after failure of a lateral engine. 


*See, for example, [10]. 


ne 


It should not, of course, be concluded that the phenomena re- 
flected in this diagram are developed one after another — that a / 33 
certain steady angle of slip is reached first, then the angle of 
roll begins to increase, etc. In reality, the variations of all 
these parameters are interrelated in ‘complex fashion, with very 
small anticipation of any one by others. 


The purpose of the diagram is to indicate the. basic direction 
of the cause-and-effect relations between the phenomena affecting ....,. 
the airplane after an unbalanced powerplant failure. | 


As we see from Eqs. (5), the derivatives linking the moments 


M, and My. and the force Z to the angle of slips and the angular. 


velocities w, and. w, figure prominently in (5) among the quanti- “.. 


‘ties influencing the time variation of the. angles of slip and roll 
and the roll and yaw angular. velocities in addition | to the. enon ae 
ing..moment M 


u.t' 20 
| | 
- 76 - Me ae OMe. p _. 2My Mx OM . 
OB . op * : of , a Aw x } 
My noe ype OMe. pyoy My 
Oy , ¥ Ow : yf Owy 


where 


) ee v2, 
znis@ M, =m, st Seed Te 


Thus, we find that the lateral motion of the airplane in re- 
sponse to the given external disturbance is determined primarily : 
by the coefficient Mm, of the aerodynamic yawing moment, , the coef - 


ficient m, of the aerodynamic rolling moment , and the coefficient 
cof the aerodynamic: lateral force with consideration of the © ee 


Cy ‘ 
changes in the angle of slip B, the yaw angular velocity Wes and 


the roll angular velocity Wy: 
4, COEFFICIENTS OF TRANSVERSE AND DIRECTIONAL STATIC. STABILITY AND 
THEIR INFLUENCE ON THE MOTION OF AN AIRPLANE WITH . UNBALANCED» 
THRUST. LATERAL AERODYNAMIC FORCE AS A FUNCTION OF SLIP 


In seurorning calculations, investigating the lateral eaten. 
jlity characteristics of ‘aircraft, comparing various types of air-- 
craft, etc., it is more. convenient in practice to replace the son & 
derivatives of the forces and moments themselves by the deriva-:- 
tives of their coefficients: 
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These derivatives are usually / 
known as the lateral stability | 
coefficients. 

‘It has been shown experimental- Atfransverse 
ly that in the range of small devia~ “ eRe 
tions, the quantities cp» My,» and | . 
m,, depend linearly on 8, i.e., they 7 
vary in direct proportion to it. In _—__- . 
exactly the same way, m, and m_ are Teapaerso VO | 

y stability 

also linear functions of the angu- : : 
nee Velocities ” x eng eae eee, Figure 9. Coefficient Mm, 
there are sometimes exceptions to 
this rule. For example, on cer- ee oe 
tain airplanes, the vertical tail- g : E P 
plane is partially blanketed by : 
Superstructures situated forward 
of them (blisters, turrets) in a 
certain, usually small range (+2°-5°) of angles of slip, and by 
the fuselage itself at larger angles of attack. The resulting 
idecrease in flight path stability down to the point at which 
local instability appears (me > 0), which is similar to that in- 
dicated by the dashed. curve in Fig. 4, may result in yaw oscilla- 
tions that make aiming difficult and tend to increase crew fatigue. 

From the standpoint of the size of the yaw overshoot on fail- 
ure of ‘a-lateral engine, however, this kind of local instability 
should not be considered dangerous, since even at relatively small 
angles of slip the vertical tail comes out of the aerodynamic 
shadow and thereafter works normally. 

" 7 g. | 
The coefficients of transverse and flight Pees stability, me and my > have | 


the strongest influence on the nature of the lateral motion (ate 
least for aircraft of existing configurations). 


The static transverse stability coefficient mf is negative when 


slip of the aircraft is accompanied by the appearance of an aero- 
dynamic rolling moment in the opposite. direction, i.e.,-in the 


presence-of static transverse stability (Fig. 9). 
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The appearance of a restor- 


iio nuee d _ ing (of direction such as to 
lleft wing Flow over | '" correct an existing slip) aero- 
_Tight wing _ dynamic-“rolling moment is ex- 
Msin (Y.-B) ty _plained physically by the fact 


right wings are washed unequally 
by the oncoming airstream. 


Wore 6) 


Dp sin(x+p) °° ~that the airplane's left and 


If the wing is straight and /35 
has a certain dihedral, the | 
angle of attack of. the wing that 
has moved forward owing to slip 
is increased, and that of the 
wing that has Greppes aft is re- 


duced. 
Figure 10. Influence of Wing ‘Superimposed on-this phe- 
Sweep on the Appearance of nomenon in the case of a swept 
Aerodynamic Rolling Moments wing is an effect in which the 
During Slip. velocity of the oncoming air- 


stream is decomposed: into 4a. 

‘chordwise (effective) component 

and a spanwise component. The 
former, nice is ‘umertoaliy equal to V cos(xy#B), is the one that 
determines the lift from the corresponding side of the wing. This 
is what causes the additional rolling moment to’ appear when the ~ 
airplane slips (Fig. 10). 


Finally, the fuselage also has a certain influence on the 
rolling moment in slip. In a high-wing design, this is explained 
basically by the effect of the "armpit" between the fuselage and 
the root section of the wing, and ina low-wing design by blanket- 
ing of a certain part of the upper wing surface by the fuselage on. 
the side opposite the slip; since, other conditions the same, trans- . 
verse stability increases slightly for the high wing and de- - 
creases for the’ low wing (Fig. 11). 

Thus , for an. airplane with static transverse Stability, the:aero=~*. 
dynamic moment M, tends to roll the airplane in the direction oppo-- 


site to the dive eter of slip. The roll produces -a lateral ‘gnavity: | 
component that pulls the airplane in the direction of the roll and 
‘thus ‘helps’ return the velocity vector to the vehicle's plane: of 
symmetry. Passing through’ this position. on inertia’, the airplane £38 
acquires a slip in the opposite direction, the transverse stability.: 
moment begins to act in the-opposite direction, and the entire: °- 
sequence of events is repeated (with progressive damping if the 
airplane has dynamic lateral stability). Figure 12 schématizes 

the motion of a.transversely stable ,airplane under the action of: an 
external disturbance. 


. ‘: co i. 
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; - “Armpit” . ‘Aerodynamic shadowing region! 


Fi gure 11. Rolling Moment During Slip on 
pinerave with High and Low Wings. - 


Figure le. Oscillatory Divergent | Motion of Air- 
plane. 7 ; | 


Let ‘Us. assume that for some reason (for example, a lateral 
wind gust), an airplane that had-been flying with zero roll and 
slip (I) -has gone into slip | at an angle 8 (II). The transverse sta- 
bility moment - Me ) that arises as a result forces the airplane 


into a bank (IIT). In turn, the bank ‘generates a lateral weight 
component (Gy ) that pulls the airplane to the side, in the direc- 


tion of the’ oe i.e., to ‘the left in our case (IV). A lateral’ 
Veer component CV, ds also: directed to:-the left, appears 


—] 


As it: ores this component, which Gaas to the longitudi- / 
nal component , first causes a return of'the vector V to the air- 
~plane's:plane of symmetry (1i.e., it corrects the slip) and then 

deflects this VECUOr: in the oe cl errecu ion: | 


The. iyo Vane goes from slip spatdet the. roll to. slip with the 
roll, in our case to the left (V). 


AS a result of the change in the slip saeltce. the transverse 
stability moment M, also changes sign. The airplane comes out of 


Rd 
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the roll with angular velocity w,, passes. through neutral, and ~. ., 
rolls in the opposite direction-(VI).. -THereafter the oscillations’ 


damp out or build up depending on the sign of the dynamic oscilla-" - 


tory. stability inherent to the Darercurer aircraft. 


Thus, the aerodynamic ees monet: that aiees: “in this. case. 
also acts in the direction that corrects-the slip, but-in a more °-' 
complex and indirect manner than: the yawing moment. The motion 
occurs not in one plane, but in two: the yaw plane Cron): in which- 
the Initial disturbance occurred.and the roll plane -(yoz), in 
which there was previously no disturbance. By far the greater. 
number of the rolls that occur in flight in-a bumpy: atmosphere are. 


not due directly to external disturbances, but are rolling;reactions:- - 
of a transversely stable airplane to slip. This reaction al-.... 


most .always. involves the appearance of rolling. motions of the air- | 
plane. | eee 


“Sometimes the special literature refers to transverse: stability 
as "the airplane' S capacity for automatic elimination of any. roll. 
angle that develops... . 3 , Be 


This formulation cannot be recognized as gl together accurate, 
since it is inconsistent with the definition = om, /98. and is, 
as will be shown below, a possible source of certain widely held. 
miSeoue pelo os 


It would be more secuvavers say that static eaanetenue seeps 2 


ility is the tendency of the airplane to eliminate slip by rolling’ — 


in the reverse direction. Sometimes, as in the case of straight- 
line slip, this tendency is actually aimed at bringing the air- 
plane out of a bank. In general, however, the manifestation of 
transverse Peg e wee a OU iy es ve the. presence. of roll. 


Thus, in a coordinated turn (a turn executed without slip) , 
the presence of transverse stability by no means gives rise to. an: 
aerodynamic rolling nomen sca Ss 


However, as will.be owii below, transverse static. stability is. 
manifested after an unbalanced engine failure in a manner directly - 
opposite to what we should expect on the basis of the above formu- 
lation — an airplane that had been flying with’ zero roll: has’a 
tendency to roll; and sometimes a very strong one, after failure — 
of a lateral engine. ; 2 Te 


It may seem strange at first glance that a property such..as 
stability tends to aggravate the divergent motion'‘of the airplane. 
In reality, however, there is no contradiction. Or, more accu- 
rately, the contradiction is purely one of terminology. : 


Observance of the necessary rigor of formulation in defining | 
the notion of transverse stability is especially important because 
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no other problem of the stability and controllability of aircraft 
gives rise to.such frequent misunderstandings, and in no other 
case is there such a gap between.the. notions used in. aerodynamics 
on the one hand and the: notions | developed by flight personnel on 
the other. Pilots are more likely to call an airplane transversely 
stable. if it maintains a constant. roll angle easily. Unfortu- 
nately, however, it is impossible to achieve this by purely aero- 
dynamic means (without the use of special automatic systems): the 
aerodynamic rolling moment is not directly related to the roll 
angle. They are related only by slip. And while the relation be- 
tween the rolling moment and slip is a rather stable quantity -under 
a given. set of conditions, one determined by the sign and absolute 
magnitude of the coefficient my Enere is no consistent relation 


between slip and roll in the general case. Therefore, if we think 
of the airplane as being capable of conscious actions, like a liv- 
ing creature, its banking as an effect of transverse stability 
is not its purpose (elimination of the roll), but only a means to 
the attainment of another purpose = elimination of slip. Some- 
times attainment of this goal requires a reduction of roll, and 

it is then reduced. Sometimes, however, as after an unbalanced 
engine failure, the reverse occurs: the roll increases sharply. 


The terminological imprecision that has resulted in failure 
to distinguish transverse static stability clearly. from the 
concept of good transverse stabilizationiof the airplane has led to. 
misunderstandings on more than one occasion. Thus, all pilots who 
participated in the testing of one heavy four-engined airplane 
agreed unanimously that-the transverse stability.of the airplane re- 
quired improvement.. However, some of them took the view that its 
transverse stability should be increased, and others wanted it to 
be lowered. Correspondingly contradictory design recommendations 
were arrived at on the basis of these diagnoses: increasing the 
wing dihedral’ in one case and reducing it in the other. 


In testing another airplane, the crews were unanimous in re- 
porting good characteristics for the machine's behavior in the 
roll plane. It had no tendency to rock from side to side in bumpy 139 
air, didnot. bank excessively sharply.on simulated failure of one 
engine, and Nes: CaStry put into and taken out of turns. 


% However, when the quantitative transverse stability characteris- 
ties of: this airplane were measured in later tests and it was 
found that it had a near-zero coefficient my i.e., the airplane 


was transversely neutral, the test report; indicated the desirability 
of increasing its transverse stability. 


In meeting this requirement, the designer increased the wing 
dihedral by 1°, with the result that the airplane lost some of the 
positive properties previously inherent to it. 
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It is also possible to point 


prada _ to contrary examples, in which 
— Outboard.engine -_ ; proper understanding of the essen- 
p Shut off Time ¢ tials of the phenomena attend- 


ing manifestation of transverse 
Stability and competent adjust- 


> ment of the characteristics of 
ml ~ this stability have made it pos- 
8]} ~~. sible to eliminate undesirable 
ie ty lateral-motion effects previously 


inherent to-the particular type 


_ intervention 
— of airplane. 


Figure 13. Response of. Air- When its throttles were 
plane to Unsynchronized En- pushed forward at low altitude 
gine-Thrust Changes on in a landing approach, one of the 
Throttling Forward: 1) Be-~ first copies of a new passenger 
fore modifications; 2) after airplane rolled so suddenly and 
increase of negative di- severely that only quick and in- 
hedral and vertical-fin cisive pilot actions prevented 
area. its wing from striking the ground. 


The cause of this behavior was | 

established quickly: it was found 
that the airplane had excess transverse stability, with the-result 
that the angie of slip that appeared with the inevitable imperfect 
synchronism of engine-thrust buildup in response to the throttles 
produced a strong rolling moment. The appropriate modifications 
were introduced into the design of the aircraft: the area of the 
vertical tailplane was increased by a factor of nearly one-and-~a- 
half and the wing dihedral was reduced by 1°. The consequences 
of this reworking became evident at once. The airplane's behav- 
ior improved substantially: as shown in Fig. 13, even total shut- 
Gown of an outboard engine failed to produce any sharp tendency 
to roll. 


The above examples, the list of which could easily be in- 
creased, confirm that the steady stabilization of an airplane in 
roll angle is not identical to static transverse stability, which 
is characterized by the sign and absolute magnitude of the coef- 
ficient my 

The coefficient of static directional stability me = am, / 98 
is also negative if the airplane is directionally stable, i.e., if 
the appearance of a slip angle is accompanied by the appearance of 
a yawing moment so directed as to align the airplane's pitching > 
plane with its velocity vector, which is equivalent to correcting 
the slip. Since this motion of the airplane resembles the rota- 
tion of a weathercock, static directional stability is also often 
referred to as weathercock. stability. | 


32 


cot ee med: i ox 


My, | My | - 


7. 2 


Figure 14. Effect of an Airplane's Direction- 
al Stability in Isolation: 1) An external yaw 


disturbance none dune is applied to the 


airplane; b) under the action of the moment 


My eae the airplane turns, and an angle of 


slip B appears; 3) in the presence of 8, a 
restoring weathercock-stability moment My 


appears 4) under the action of the moment 
Mg? the airplane returns to its original head- - 


e 


The basic design element of an airplane that produces direc- 
tional. stability is its vertical tailplane — the fin, rudder, and 
"fences" on the tail section of the fuselage. The larger the. 


static moment § L of the vertical tailplane (S., t is its area 


vet v.t 
and t, is the distance from the airplane's center of gravity to 


the vertical-tailplane center of pressure), other conditions the 
same, the greater will be the directional stability. 


It is important to note that the results of a disturbance are 
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countered most naturally under the action of directional stability: 


the deflected airplane turns back around its vertical axis until | 

its plane of symmetry is realigned with its velocity vector, i.e., 
until the slip vanishes. All of the motion takes place in only | 

one plane’-~- the same one in which the deflection from the original 

fae oe took place. No motions occur in the other planes 
Fig. 14). ' 


In practice, of course, such behavior of the airplane is pos- 
sible only in ge rare cases — with observance of the condi- 
tion 2M, = 0, i.e. transverse neutrality and in the total ab- 


sence se other enane sense moments '(due to unbalanced ventilation of 
the wings , the influence of wy, on w,, etc. ). 

In the general case, however, the real lateral motion of an. 
airplane is determined by the joint action of transverse and di- 
rectional static-stability. moments and certain other moments of 
which we shall speak below, and whose mand me is, as a rule, 
less strongly manifested than that of and my 
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«Accordingly, the.di- . 
vergent lateral motion of 
_.:an.airplane is, in the gen- 

.... eral. ease, also a rather. : 
. complex .combination of .. ae 
yawing and rolling motions. 


| The relation between. Z41 
these two motions is evalu- 
ated quantitatively with 


the index 
Figure 15. Lateral Oscillations of . os eae ei 
an Airplane’ (Illustrating the Phase ‘ a ae Bde 7 7 
Shift Between Changes in the Roll 7 ae a 
and Yaw Angular Velocities): -The subscript "max" 


.indicates that this. cal- 
culation makes use of. the 
maximum amplitude values. 
of the angular. rates of 
the transverse and. ice: 
tional divergent not eons a: taken from their envelopes, which, gen- 
erally speaking, correspond to.different points in time owing to 
the phase shift between the oscillations of w, and ws, (Rig 15).. 


2w 
es) ast x max 


2 wymax 


Either roll or pitch aes ‘dominate in the asc divergent: y 
motion of the airplane at different values of kK, i.e., with dif-. 
ferent relations between the degrees of transverse and direction 
al static stability.* By adjusting these coefficients. (by, varying 
the area of the vertical tailplane and the wing dihedral and by 
using various types of automatic devices), the designer can ad- - 
just the character of the lateral motion in-= the. desired direction. 


Ns 
N - 


It therefore becomes. necessary to establish: what kind. of mo- 
tion is most desirable, or, in other words, : which method of self-:. 
correction of slip — by esa or by yaw — is. to-.be mene ae 


, Flight experience why “many. aircraft presenting a variety . “or: 
lateral-stability characteristics provides grounds: for giving , the ee 
prefer@nce emphatically to yaw, in.wnich, as. we noted, slip: is ( ° 
eliminated directly by motion in and only. in the plane. in which. 
the disturbance arose. . Eliminating slip me reverse banking .. on. 


A” . : - . = ‘ 


*In addition to. this IS es 


Q) 
PLeLent: any and the relative compactness. of the. i 


2m : 
B= St og 


also have some influence on kK. - et, 
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the other -hand, reduces’ essentially to elimination of a divergence 
in one plane at the cost of creating a new divergence (not due to 
external disturbances) in-another. In many cases, this secondary 
divergence may prove’ less-désirable than.the primary one, compli- 
Cerne ne work of: une crew : =e even presenting a greater hazard. 


Such cases “alse theiude:. our present subject’ _ the wehaviCe of. 
.an airplane after: ae ene of one engine situated. outside ‘Its plane. 
of ea ee ey eee oe : 


It is known ae eee ne ney fly through bumpy an. certain 
types of airplanes have a distinct tendency to rock back and forth 
from wing to wing. Even minor external. disturbances cause them to 
bank strongly, requiring no little. attention. and expenditure. of | 
physical energy from the pilot. As we showed above, such. behavior. 
is usually due -? oe transverse. static Stability, 


The roll angular velocities developed here and the roll an- 
gles: ‘themselves are usually so much larger than the.:yaw angular 
Veron vce and angles ‘that the latter usually go unnoticed by the 
pilot.'. He senses thé behavior of the airplane as transverse roll 
in pure form, although: he is actually dealing with a combined 
lateral ‘motion’ in both the roll and yaw planes.-..This. circumstance 
further ‘complicates pilot. recognition of a lateral- -engine failure 
on an: airplane with excess transverse ‘stability, since’ it may-be 
difficult for him to identify the strong roll quickly and cor- 
rectly: as a: consequence’ of a small -yaw angle that‘is almost. imper- 
a against the background of ‘strong. rolling io 


An excess of ne over me results in oscillatory instability, 


Bo B 
and an. ‘excess of me over Mm. in what. 4s known. as spiral instability. /4 


However, flight. practice: has shown that ‘these’ - tivo effects’ are 
far from equally undesirable. Spiral instability, which occurs 
when the airplane ‘goes. Anto'a:‘smooth Slow’ spiral: with gradually 
increasing roll, has almost no effect-.on pilot handling, since 
this effect is easily: countered by the pilot with no appreciable 
expenditure of effort or attention even if it is not stopped by 
the next external disturbance. It may reach dangerous. proportions 
Only in the improbable case in which an airplane is flown hands- 
off and left-to itself for a considerable: time, ranging.into. the: 
tens of séconds. Many modern aircraft have moderaté spiral insta- 
bility; and it is ‘characteristic that: their pilots do not’ even 
suspect it and remain unconvinced after performing special tests 
involving observation’ of the ‘airplane's motion without pilot: inter- 
vention for considerable ‘times after application of .an:‘external 
disturbance. 
| nae je 

. Counteracting oscillatory instability, on the other hand, re- 
quires practically continuous work from the pilot. It is impos- 
sible to ignore this form of instability -— no special experiments 
are necessary to bring it out, since any lateral external : 
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Figure 16. Divergent 


Figure 18. Divergent 
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Lateral. 
Motion of Aircraft: m=? = 


0.0002; m = -0.0008; x = 


1.10. 


| Lateral 
Motion of Aircraft: m= 


-0.0006; m® = -0.0008; x = 
3.34. y 


deg/sec\_ 
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Figure 17. ‘Divergent Lateral 
Motion of Aircraft: mB: = ; 


nH il 


-0.0002; m = 0.0024; K = 


0.31. 


disturbance causes an air- 
plane with oscillatory. in- 
stability to roll sharply. 


‘Thus ,,on sudden failure of 


an engine, certain.aircraft 
with excess transverse sta- 
bility, e.g., the Pe-2 dive 
bomber that was widely used 
Guring the war, would bank 
So strongly toward the out. 
engine that the airplane 
would flip over if the pilot's 
responses were a little 

slow or imprecise. 


This is clearly con- 
firmed by curves (Figs. 16- 
20) that characterize the 
Givergent lateral'motion of 


a transonic jet aircraft with 


‘various values of the later- 


:fictents m8 and m 


al static Aaa at coef- 
These: 


curves were obtained by analog-computer seieal tine eta which 
it was possible to vary these coefficients without changing the 
other parameters of.the airplane — something that is difficult to 
achieve in the performance of ee flight faces 


Table 2 lists values: of: five characteristics used for the 


studied. 
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.lateral static etebi tt ey: coefficients in: wee five variations 


“Wwe 


Figure 19. Divergent Lateral 
Motion of Aircraft: mB = 


=-0.0006; m, = -0.0024; k = 


= 0.97. ~- 


Figure 21. De- 
velopment of 


Transverse Aero- 


dynamic Force Z 
in Slip. . 


Motion of Aircraft: m 


Figure 20. Divergent poeeeat 
x 


= 0; m = 0.0024; « = 0. 


TABLE 2* 
‘Va ariant No. mé mé | mé. |m' 
I —0,0002 ~.0 ,0008 0,25 1,10 
1 —0,0002 —0,0024 0,08 0,31 
IT —0,0006 —0 0008 0,75 3,34 
IV —0,0006. —0, 0024 0,25 0,97 
Vv —0 0024 0 


0 


*Translator's Note: commas represent. decimal 


points. 


All other characteristics — the coeffi- 


Wd 
x 


cients m, > 


m 


Oy 


> Mm. 5 M 
X 

the airplane G, S, l,j J,» and Jy and its flight 

speed and altitude V and H — were assumed to be 


» and 08 , the data of 


the same in all five of these variations. 


Application of a yawing moment corresponding to.failure of 
one of two wing-mounted engines in cruising operation (P = 
= OE a) was taken as the external disturbance. 


that this unbalanced-thrust moment acted for 2 sec, after which 
it vanished and the subsequent motion of the airplane was free, 
i.e., as before, without intervention of the pilot and with the 
tail control surfaces and ailerons in the same neutral position. 


This scheme, while somewhat artificial, is convenient for investi- 


It was assumed 


/44 


gation of the influence of static lateral stability characteristics. 
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Indeed, the influence of the. coefficients’ mb 


dent: from comparison of the curves (see Figs. 16220); 


B 


and my is” fully evi-. 


Simultaneously, analysis of the curves clearly demonstrates 
the inconsistency of the commonly encountered notion ‘according to. 
which the nature of the airplane's divergent lateral motion is 
fully determined solely by the ratio of the lateral- sic state 
coefficients, irrespective of their absolute values. ge ee the 
curves in Figs. 16 and 19 correspond to the same ratio my y? but /4 


the amount of slip developed at small absolute ‘values ae cae “two 
coefficients (chiefly the coefficients me). 1s one-and- a-half times 


greater than when they have large ee An obvious difference. 
is also observed in the rolling motion: although the roll angie 
that appears is practically the same in both of these cases, the 
rates of the unfolding process (the time variation of the angular 
velocity w Pe, are widely different. eo . 

Thus, the divergent lateral motion of the airplane; and, in | 
particular, its behavior on an unbalanced thrust failure, depend 
not only‘on'the ratio.of the transverse and directional static’sta- /46 
bility characteristics, mye also on the absolute values ad ‘these . 
characteristics. ; : 


In slip, a transverse ‘aerodynamic force 2 directed perpendicu- 
lar to the plane of symmetry arises as a result of the unbalanced’ 
airflow past the parts of the airplane — fuselage, engine nacelles, 
and vertical tailplane (Fig. 21). © 


-Experiments have shown that the coefficient of this force 


= to = 
= aoe 


“varies approximately. linearly with the angle of Slip B. For this 
reason, the variations of the force Z with angle of slip are usu-~ 
ally expressed in terms of the coefficient es 
7 ee: 
OCz 


2 = —— 
z 


B < s 


As will be shown below, the transverse force, has a.strong in~. /47 
fluence on the peak angle of slip of the airplane after failure 
of a lateral engine, and also on the Ep eE Aan as of steady 
‘flight with unbalanced thrust. 

; if. 
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5. ROLL AND YAW DAMPING. INFLUENCE OF ROLL ANGULAR VELOCITY ON. 
YAWING MOMENT AND OF YAW ANGULAR VELOCITY ON ROLLING MOMENT 
(CROSS-ROTARY DERIVATIVES ): . 


In.the preceding -section;: we demonstrated the influence of 
slip:.on the appearance-of the .'moments ‘My and My and the influence 


of the force Zo on the subsequent variation of these moments . 


ty In aaad eich to slip, however, the rolling ana yawing ‘moments | 
- are influenced by ‘the roll Cw, ) and yaw (uy) angular velocities. 


Strictly speaking, they also a ehect the aerodynamic force Z, but 
to a much lesser degree than’ the slip; in analyzing the ‘divergent 
lateral ‘motion of the airplane, therefore, the effects of Ms and 


w, on the: force Z are usually neglected. 


Rol. damping ‘4s Sropenly the most. significant of the above ef- 
fects of the angular velocities on the airplane's lateral motion 
following an unbalanced thrust failure. 


In-thé presence of an angular velocity wy, the true angles of 


attack™of the left and right wings are unequal as a result of geo- 
metrical addition of the translational velocity V and the circumfer-. 
ential velocity of each given cross section WZ (z is the distance 


between the ‘given. cross section and the airplane’ S ‘plane of sym-. 
metry) (Fig. 22). The local angles of attack in the cross sections 
of the dropped wing are found to be ‘larger than those in the cross 
sections of the lifted wing.* Accordingly, the lift ‘of the dropped 
wing will also be larger, with the result that a damping rolling 
moment appears. 


The damping moment is always directed against the rotation. 
Hence, unlike other aerodynamic moments, it cannot be a restoring 
moment acting in the direction that eliminates an existing deflec- 
tion. Herein lies the fundamental difference between damping and /48 
stability. Nevertheless,’ in the overwhelming majority of cases, 
including that of lateral-engine failure, the influence of damping: 
on the handling properties of an airplane is unquestionably favor- 
able, since it resists the actual deviation from the initial flight 
regime, thereby softening the divergent motion of the airplane. 
Figure 23 shows the characteristics of the lateral divergent mo- 
tion of the airplane to which the curves in. Fig. 19 pertain, with 


- *The dropped wing' is the wing moving in the direction of its lower 
surface, and the lifted: wing is the one moving in the direction of. 
its upper surface, i.e., the motion is analyzed in a coordinate 
system bound to the aircraft. In this way, the situation does not 
change if, rolling about its longitudinal axis, the airplane turns 
wheels-up and the wing being lifted relative to the ground becomes 
the dropped wing and vice versa. 
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Mz damp 


Figure 22. Illustrating _ 


the Roll-Damping Phe- 
nomenon. AV are the 
local circumferential 
velocities formed as 
the airplane rotates 
about its longitudinal 
axis (rolls); WO, is 


the roll angular velo- 
city; a is the angle 

of attack; ais the 
angle of attack in 
unbanked flight; Aa 

is the local increment 
of the angle of attack 
on banking; Y is the 
lift in unbanked flight; 
AY is the local lift in- 
crement on banking; 


My damp is the roll 


damping moment. 


the difference that the degree of roll 
damping, which was the same in all 
five of the variants examined above, 
is reduced by half here. As a result, 
other conditions, the same, the roll 
angular velocity was found to be ~ 
higher during the first 4-5 sec than” 
in any of the other variants investi- 
gated, and the roll angle exceeded 
those in the other variants in the 
time segment from 2 to 7-8 sec, i.e. 
actually throughout the entire period 
beyond which it would hardly be pos-' 
sible to consider the motion of the 
airplane after engine failure to be 


taking place’ without pilot interven- 
tion. 


Since the damping phenomenon is 
due to force interactions: between 
parts of. the airplane and the air, it 


depends on air density. At high alti-. 


tudes., where the air is thin, natural. 


damping is’ therefore much less. strongly 
* “manifested than: at medium altitudes,’ 


not to mention low altitudes. 


In speaking of damping, we should 
not overlook the fact that in analyz- 
ing its physical nature, we have as- 
sumed the existence of a direct func- 
tional relationship between the incre- 
ment of the angle of attack and the 


‘increment of lift. However, we know 


that in the range of supercritical 
angles of attack, this relationship 

is inverted: lift decreases with in- 
creasing a and autorotation begins in 
response to a minute external impulse. 
Thus, autorotation can be regarded as 
a phenomenon that is essentially the * 
opposite of damping. 


Converting from the moments to 
their coefficients in much the same. 
way as was done above in investigat- 
ing the influence of slip on the.mo- 


ments My and M., we obtain the rotary derivative characterizing 


y 
roll damping: 
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The sign of this derivative. 
is always negative, Since the 
damping moment is by. its very | 
nature opposed in direction to | 
the angular velocity in all pos- 
Sible flight cases, with a sole 
exception — that of the autorota- 
tion mentioned above. | 


Thus, it follows from Fig. 
e2 that in the presence.of an’ 
angular velocity Ww» the local 


values of: the’ angles of attack 
a change: on cross-sections of |. : 


both wings. However, this also. Figure 23. Divergent Lateral 
implies that the aerodynamic Motion of Airplane with Re- 
drags of the wings will also duced Roll Damping. 


differ: that for the dropped 

wing will be greater than that - 

for the lifted: wing. Consequently, rotation of the airplane on 
its longitudinal axis results in the appearance of an aerodynamic 
moment about the vertical axis as well. The airplane tends to 
turn in the direction of: the dropped wing. We note, incidentally, 
that the existence of this relation helps maintain coordination on 
entering and coming out of. turns. 


‘The ‘dependence of the yawing moment on the roll angular velo- 
city is characterized quantitatively by 


which is sometimes known as the cross-rotary ser eteve of. aw with 
respect to roll. 


Let us examine in similar fashion the yawing motion at angular 
velocity wy. shown schematically in Fig. 24. We see from the figure 


that the right and left wings have unequal translational velocities 
and, accordingly, different aerodynamic drags and lifts. Conse- 
quently , the airplane's angular velocity ws also results in the 


appearance of secondary rolling and yawing moments. The lateral 


force Z ere of the vertical tailplane that arises in the presence of 


the spun e es wetoeiee w owing to the "skidding" that is inevitable 
in this case also has a definite part in the generation of the yaw- 
ing moment. 


Quantitatively, the relation of the rolling and yawing moments 
to the angular velocity Wy is characterized by 
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a adm, 7. 
ms oe ee ¢ -rotary «deriva- 


a tive line iy icicle 


5 oa, 


left’ Of the above four ‘rotary de- 


V Ve V4 yz: 


w 
rivatives , oe roll ‘damping: my 


which resists banking | — the foanks 
est hazard in this case — has 
the strongest and, at the same 
time, the most helpful influence 
on the airplane's. motion after... 
failure of a lateral engine. The. 
i, Ue, “A a ee ated 
yaw damping m,” also exerts. a. 
helpful-influence, but, as a 
rule, a considerably weaker one; ' 
Figure 24. Generation of sats to some degree, it resists "skid- 
Damping Moment. ding," 1. e., yawing’ of the. air-— 
a angles - -Of ere ae The cross~ “rotary 
uw) Ww 
derivatives me and m * have a much less pronounced influence on 
airplanes of modern configurations. However, it must. be noted that. 


ie pes 


-9! s 


unlike damping, the cross-rotary couplings are detrimental in .cases : 
of lateral-engine failure in that they tend. to aggravate the diver-. 


gence. 


All of the ‘basic quantities that appear in the equations of 
the airplane's lateral divergent motion can be determined with 
accuracy sufficient for practical purposes from model wind-tunnel 
tests or from approximate empirical formulas. Consequently, the , . 
characteristics of this motion under the action of an unbalanced- ... 
thrust moment (or some other known external disturbance). can also 
be determined by integrating this equation system on an electronic 
computer or by . some other method. tes 


Thus , the investigator and designer have an opportunity to 
predict the behavior of the airplane after failure of.a latenal.. 
engine and, if. necessary, to specify means of improving. this be- 
havior: increasing vertical-tailplane area, reducing, wing. dihed- 
ral, or using artificial. means of stabilizing the airplane-with 
respect to the appropriate axes (automatic oscillation, ,dampers ,. 
etc ae ee 
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6. PECULIARITIES IN THE BEHAVIOR: OF TURBOPROP-ENGINED AIRCRAFT ON 
FAILURE OF A LATERAL ENGINE. THE PHENOMENON OF REVERSE THRUST 


On propellerless airplanes, the yawing moment developed by 
the drag-of the failed engine is usually small by comparison with 
the thrust of its counterpart on the other side, which in this case 
develops most of the total unbalanced-thrust moment. At the same 
time, the lateral engines of most turbojet aircraft are also 
mountéd on shorter arms off the plane of symmetry than. those of 
propeller aircraft, “in which engine placement is. determined in 
large Lene by propeller diameter. 


‘The ‘aerodynamic- drag moment of a turboprop. engine is particu- 
larly ‘large because its relatively great distance from the. ailr- 
plane's plane of symmetry combines with the extremely large aéro- 
dynamic drag of the windmilling propeller. In certain flight | 
situations (in the -low-speed range), certain types of turboprop 
engines -have drags one-and-a-half to two times larger than the 
thrust of the same engine | at rated power. 


Se 
Ny 


The principal cause of this drag consists in the fact that 
rotation of a-nonrunning turboprop engine .("cold cranking") re- 
quires application of -a considerably larger torque than turning 
a nonrunning piston engine. | 


The energy used to compress the mixture (or the air if the 
fuel valve'to the failed engine is closed) in the cylinders of a 
piston engine is not completely ‘lost, but does some useful work 
during the subsequent expansion cycle. The external torque has 
only to overcome friction between the parts of the engine being 
turned and to compensate heat losses from the Se mixture 
to the cylinder ‘walls. 


‘Cold. cranking of gas-turbine Hinatukiad turboprop ) engines, 
in which the energy used to compress the air in the compressor 
subsequently does almost no useful work toward turning the engine, 
is another’ matter. In this case, therefore, cold cranking re- 
quires application of a torque sufficient not only to overcome 
friction in the engine, but also to do all of the air-compression 
work in its compressor. 


In the case of a’ turbojet ached (TIE), this_ beatae in a 
corresponding drop in the autorotation rpm with no noticeable drag 
increase. Ona turboprop engine (TPE), however, the propeller- 
speed governor reduces the pitch-of the propeller blades so as 
to maintain’ rpm at the level set on the governor even under wind- | 
milling conditions. Working as a windmill, the propeller develops © 
the necessary torque, which is sometimes very large, but at the 
same time it inevitably develops an extremely high drag, which is 
sometimes referred to as reverse thrust. 
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To obtain a’ rough estimate of this drag, it can be assumed 
that each thousand horsepower of the TPE's output produces about 
900-1000 kg of reverse thrust when the engine fails and its pro- 
peller windmills. . 


If we compare the power developed by a turboprop engine at _ 
the turbine with the useful power available at the propeller, the 
former is found to be 2.5 to 3 times larger than the latter. The 
difference between these two figures is expended in overcoming | 
the friction between the moving parts of the engine and turning 
accessories mounted on it, but primarily in turning its powerful 
compressor. 7 | 


In addition to the above circumstances, it must also be re- 
membered that modern turboprop engines have nominal power outputs 
two or three times greater than those of the latest piston engines 
or greater, and that this increase in nominal power, irrespective 
of the fundamental characteristics of the TPE that were set forth 
above, is in itself sufficient to increase further the torque 
necessary to turn it over. 


Under real flight conditions, the power required to autoro- /53 
tate a failed engine can be obtained only from the rotation of 
the propeller in the oncoming air stream, i.e., in the final 
analysis at the expense of the thrust of the engines that remain 
in operation. 


Turboprop engines of the compound type, such as the TVD-10, 
have appeared in recent years; in these engines, the propeller 
and compressor are not rigidly kinematically coupled. The pro- 
peller of such an engine can windmill with the compressor sta- 
tionary (or turning at negligible speed), so that it does not 
develop strong reverse thrust. 


Quick and sure detection of a failed engine is sometimes even 
more difficult on turboprop aircraft than it is on aircraft with 
piston engines. By switching automatically to smaller setting 
angles, the propeller governor maintains a previous rpm setting 
in a broad range of speeds even after engine failure. It is there- 
fore difficult to identify a failed engine by reading the revolu- 
tion counters. In.such' cases, the variations of the after-turbine 
gas temperature or the fuel pressure, which will be somewhat dif- 
ferent for a failed engine than for the running engines, can be 
used as indications in such cases. However, the clearest indica- 
tions are obtained from the torquemeter (TM). It is this instru- 
ment that should be regarded as basic for the identification of 
a failed engine in flight on a turboprop airplane. 


Needless to say, it makes no difference from the standpoint 
of programming the first actions of the pilot precisely which 
engine has failed. In this case, the pilot responds as quickly 
as possible without awaiting identification of the specific © 


Wy 


"culprit" behind the divergent.motion, which requires immediate - 
countering and, for the most part, makes it. painfully clear by it- 
self on which side the failed engine.is located.. However, subse- 
quent actions (e.g., positive feathering of the propeller on the 
failed engine, closing fuel valves, etc.) requires exact knowledge 
not only of the side on which the engine has failed but precisely 
which engine it is. ‘This has made it necessary to equip turboprop 
aircraft with special mgine-failure-indicating systems (to indicate 
a total loss or decrease of thrust). . However, practice has shown 
that not even this is enough. In-certain flight conditions, the 
drag of.-.a windmilling. turboprop- engine propeller becomes so large 
that each additional second for which this drag acts aggravates . 
the deviation of the airplane from its initial condition appre- 
ciably. Only automatic feathering of the.propellers of failed 
engines can ensure performance of this vitally important operation 
both quickly enough and-in freedom from error. For this reason, , 
a full-time (in operation in all flight conditions and at all en- /54 
gine settings) automatic feathering system should be a mandatory 
accessory to the powerplant of .any ‘turboprop airplane. 


j Time of engine failure _~ 


\Thrust P! 


_—) 
He - 


: Speed V_. 


oe 
i ? ! 
R A ation aL” 
oj Se aactie ‘Start of manual oD at Daa > Rieti iad 
' gil) feathering _ feathering 3 setting angle \!/ _ | one 
é a || (on .stop) 1 
\ ” Drag “overshoot” a | 
Figure 25. Variation of Aero- Figure 26. Aerodynamic Drag of 
dynamic Drag ("Reverse Thrust") Windmilling Turbojet-Engine 
of Turbojet Engine Propeller. Propeller as a Function of 
with Manual and Automatic . , True pitene Speed. 


Feathering. A) Torque of run- 
ning engine; B) drag of failed. 


engine with fieathered propel- This. system goes into 
ler; C),. drag of failed engine operation ‘automatically and 
with windmilling propeller. feathers the propeller in re- 


sponse to tripping of various 
types of sensors that respond, 

for example, to a drop in torque, to the appearance of a definite 
predetermined amount of propeller drag ("reverse thrust"), to 
overspeeding (racing), to a drop in oil pressure, etc. This 
ensures operation of the automatic feathering system in practic- 
ally all possible cases of engine failure, but it still does not 
relieve the pilot of the need to counter the divergent motion of 
the airplane competently and in time. .Even automatic feathering 
of the propeller on the out engine requires. a certain amount of 
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time —‘4 to-8 seconds. —‘during which’ the arag. pivthe nes Ne 
build up’ an appreciable decelerating inpulse and strongly - influ-. .°: 
ence the behavior of the airplane (Fig. 25). 


Finally, it: mus t: ‘be noted that: “the ‘propeller drag. of an: Nee 
rotating turboprop ‘engine is different at different speeds: it: 
has a maximum when the blades are. set’ against their. stops, which ; 
occurs at‘ an: indicated’ speed on the order of 270- -320. km/h for. most 
modern aircraft. At ‘lower speeds, propeller drag. decreases to, 
some extent. It drops even more rapidly on entry into the range 
of higher, cruising flight speeds * (Fig. 26). ; . 


In addition to the above circumstances that influence the 755 
magnitude of the unbalanced-thrust moment, piston- and turboprop- 
engined aircraft (especially the latter) are subject to yet an- 
other factor, one that tends to make the airplane roll over even _ 
more sharply in the direction of the failed engine ~— the unsym- 
metrical distribution of lift along the wingspan that results / 
when the wash from one of: the propellers is rémoved. The stream 
of air thrown backward by the propeller and over the. segment of 
wing behind it increases appreciably the local flow velocity over 
the wing and, conse quenely s: the lift developed by the. particular 
segment of the wing.: The lift increment due to propeller wash .may 
be quite substantial: thus, for example, if we compare a modern . 
turboprop aircraft: flying. with the engines at idle with one flying | 
at rated power, then, all other.conditions the same (equal angles. 
of attack, Mach numbers, etc. ds. the lift coefficient may :be 30-" 
40% larger in the latter case’than in the former. In cruising. 
situations, of ‘course, ‘the effect of propwash on the wing is weak— 
er than it is at full rated Power, but it remains substantial... 


Failure of one of the engines and disappearance of the wash 
over the corresponding wing segment therefore give rise to im- 
balance in the spanwise distribution of lift and a;-rolling. moment. 
directed, like the Iateral- Sheps Se moment , in the direction oan Bu) ¢ 
the failed engine. 


It is difficult to predict which of these RoMeage: “will ‘be 
larger in magnitude. This. depends both. on the flight. regime- and; 
in particular, on the type of airplane. There is no secondary 
wing wash in the case of turbojet- engined aircraft and, conse- -. : 
quently, the rolling moment that appears .on engine failure owes 3: s74¥ 
its origin basically to slip and the emergence of. transverse sta- « 7 
bility. On the. other hand, we might conceive of.a turboprop . Aire 
plane with a straight wing. having a dihedral angle such that.,the ce 
absolute valueof the _transverse- stability coefficient. ne equals... 


zero. On-failure of a:lateral. engine.on such an airplane’: the ap-. 
pearance of slip will not cause a tendency to roll, but the’ prop- 
wash imbalance will have its full effect. 


a . 


*See, for example, [13]. 
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7. PECULIARITIES OF THE BEHAVIOR OF A SWEPT-WING AIRCRAFT AFTER 


FAILURE OF A LATERAL ENGINE. ‘PHENOMENON OF REVERSED ROLLING. 
REACTION TO SLIP | . | 


As we showed above, the nature of an airplane's divergent mo- 
tion after: failure of a lateral engine is determined to.a major de- 
gree by the ratio of the roll and yaw angular velocities. It is 
desirable that there be no. tendency to bank sharply in the direc- /56 
tion of the failed engine.- The most effective means of prevent- 
ing this dangerous tendency’ is ‘proper selection of the degree of 
transverse static stability, which depends on a number of fac- 
tors, but primarily on the wing dihedral angle. 


; “Angle of attacka! 


ee ? 
| > yt . 
ey t 

13 

ir 

oe} 0 

on : 
Figure 21. Coefficient of . | Figure 28. Lart Coefficient 

Transverse Static Stability... | ¢, as a Function of Mach 
mB as a Function of ‘Angle | y 


Number. Solid line: wing 
of Attack a. The solid with small sweep angle; 

line represents the swept ‘dashed line: wing with | 

wing and’ the dashed line large sweep angle. 

the straight wing. 


It might- seem that: ‘the designer has in his hands’ a way of 
providing each airplane with the transverse-stability characteristics 


most favorable in all possible flight situations, inoluding un- 
balanced eneine failure. 


Unfortunately , not all aircraft design configurations admit 
of such easy attainment of the desired transverse static stability. 
For one thing, serious difficulties are encountered with ‘swept— 
wing aircraft, whose’ transverse’ stability depends strongly on angle 
of ‘attack (Fig .. 27). .:° With increasing angle of attack (in the land- 
ing approach, in flight near the practical ceiling, during a turn 
with the maximum permissible bank and the corresponding g-force), 
the transverse stability of the swept wing increases sharply, so that 


failure of a.lateral engine becomes especially dangerous in such 
flight situations. 


It is necessary to accept the fact that by eaiiiaiekeie a di- 
hedral angle that ensures the desired transverse- stability 
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characteristics at some one (usually the cruising) angle of attack, 
the designer leaves the transverse stability either higheror lower 
than. optimum at all other angles:of attack. 


For this reason, almost all ‘swept-wing. aircraft without auto- 
matic stabilization devices (or when such devices are not in opera- 
tion) have inherent excess transverse stability in flight at large 
angles of attack, and hence also unpleasant handling characteris- 
tics, such as side-to-side rocking in a bumpy atmosphere and a. 
sharp banking tendency on unbalanced engine failure. This was one 
of the factors that gave rise to the use of various types of "auto- 
matic stabilizers" (oscillation dampers), usually electronic, on 
modern aircraft — devices that practically eliminate or, in any 
event, greatly mitigate the manifestation of these unfavorable 
handling characteristics. 


Apart from the angle of attack, the transverse stability of a 
swept wing is sometimes influenced by Mach number (the ratio of 15 
flight speed to the speed of sound). | 


Here we refer to what is known as a reversed rolling reaction 
to slip, which is one of the possible manifestations of shock 
stall. 


The usual rolling reaction of an airplane to slip is inherent , 
toatransversély stable machine and, as was shown above, 1s mani- 
fested in a tendency to bank in the direction opposite to that of 
the slip. Thus, the normal airplane will roll in the direction of 
the deflected rudder pedal, and, in the event of failure of a 
lateral engine, in the direction of that engine. The pilot has 
been accustomed to this behavior throughout his entire flying life, 
and is fully justified in regarding it as "direct" or normal. 


However, it is found that in a certain range of Mach numbers 
around unity, this familiar rule is violated and, still worse, re- 
versed.. ) 


Figure 28 illustrates the 
change that takes place in the 
lift coefficient as a function 
of Mach number with various wing 
sweep angles. At subcritical 
Mach numbers, lift depends little 
on sweep. The existing insignifi- 
cant difference tends to favor 
small sweep angles, at which the 
lift obtained is slightly higher 

than it is at large ones. How- 
a eae ene oe ae ever, after the critical Mach 
and Right Wings in Flight number has been reached, the lift 
with a Slip B coefficient drops sharply, and 
: then recovers to near-subcritical 
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values. What is important here is that this "trough" on the lift- 
coefficient curve begins later (at larger M) with larger sweep 
angles and is less distinct than for small ones. As a result, the 
curves in Fig. 28 intersect in such a way that, in contrast to the 
usual situation, there is a certain range of Mach numbers in which 
lift increases with increasing wing sweep angle and decreases as 
it decreases. 


Figure 29 shows a swept wing in plan view during slipping 
flight. It is as though the wing had a smaller sweep angle on 
the side toward which the slip has occurred, and a larger one on 
the opposite side as compared to symmetrical flight. As a result, 
the lift is also found to be higher on the side opposite the slip 
in this range of Mach numbers. The rolling moment that arises as /58 
a result will act in the direction of the slip. 


If a rudder pedal is deflected in flight in the Mach-number 
range-in which this phenomenon is observed, the airplane will roll 
in the direction opposite to this deflection. | 

t 


This. behavior of the airplane, which is essentially trans- 
verse static instability (m8 > 0) is known as reversed rolling 


reaction to slip. It can manifest only in the Mach-number range 
in which the relation indicated in Fig. 28 exists between the 
"troughs" of the lift curves for the different sweep angles. 


-Practical flying has shown that, although the presence of 
reversed rolling reaction to slip requires increased attention on 
the part of the pilot in certain flight situations, the seriousness 
of the phenomenon should not be overestimated. 


Very little use is made of the rudder in flying modern air~ 
craft. The lateral motion of the airplane (turns, spirals, and 
other maneuvers) is controlled practically exclusively with the 
ailerons. Probably the only exceptions to this rule are takeoff 
and. landing, when wind gusts (especially from the side) must some- 
times be countered with appreciable deflections of the rudder. At 
takeoff and landing, however, the Mach number is so far below 
critical that none of the manifestations of shock stall, including 
reversed rolling reaction to slip, can occur in these situations. 
In most other cases, however, the rudder deflections are very 
small and, consequently, the slip angles that result from them 
are just as small. 


It is this circumstance that apparently explains why pilots 
often fly at speeds at which the reversed rolling reaction to- 
slip occurs without noticing this effect. It is characteristic, 
for example, that the reversed reaction has been observed in tests 
of many aircraft only during special procedures ("kicking" the 
rudder at various Mach numbers or in slipping acceleration), 
while it has gone unnoticed in flights of other profiles, during 
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which the: airplane ran ‘through the entire Mach-number range re- /59 
peatedly. - _ 


In rere ‘piloting, therefore. the ‘pilot will very prob- 
ably experience no handling trouble due to the reversed reaction. 

However, there are exceptional flight’ regimes in which the - 
pilot uses more or less substantial rudder deflections even at 
high speeds. And here the unexpected manner in which the reversed 
reaction appears (which is due to the very fact that the pilot has 
usually never observed this effect and has’ not become’ used to it)" ee 
may aa neenty Hee een consequences. 

These. Se cent tens include flight ‘in’ ‘Lent formation (for’ @x={ 7055 
ample, when a.pilot adjusts his position in interval: relative to... ~ 
the leader),.pulling a -high-speed ereprane out of a steep ap eel 
and — failure of a lateral engine. . 


If this failure takes place.in the Mach- number. range in which" ~ 
the reversed rolling reaction to slip is manifested, the airplane’. | 
will bank not in the direction of the oe engine, but in the Gas: aie 
rection of. the good one. - y a af tag 

ely is true that an most cases the degree peeuaeuse insta- —: ' 
bility encountered in the reversed rolling: reaction of an airplane os 
to slip is small, and the banking ‘of the airplane, though-in the’: : 
"unexpected" direction, is quite Bruseteh and is countered without: ” 
difficulty :-by the pilot: a oe 


At the Mach number corresponding to the boundary between the 
ranges of the normal and reversed rolling reactions to slip, the 
airplane's transverse.stability is essentially zero and -failure : of. 
one of the engines will cause: only a yaw without the Gorse] pond Ne 
roll, something that can be rated only Pea eee from the: pilot's 
viewpoint. 


Outside of the reversed-reaction region, faire of a lateral’. 
engine on an airplane with a swept wing at comparatively low air- 
speeds, i.e., at large angles of attack, results, as we have 
noted, in a stronger tendency to bank than it does at nien ae 
speeds and correspondingly small angles of attack. if 


8. OPTIMUM PILOTING PROCEDURES ON UNEXPECTED LATERAL- ENGINE PATL~ 
URE 


The motion of an airplane one of whose Tavera engines has 
unexpectedly failed is, as we showed above, qualitatively: deter- 
mined by the combination of a number of its inherent design and 
“aerodynamic parametrrs. These include the positions of the. en-~. 
gines, their type (TJE, TPE, etc.), their operating setting: at the 
instant of failure, the distribution of the airplane's mass’ along 
its longitudinal axis, its directional and transverse static 
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‘Stability characteristics, and aerodynamic damping (especially... 
“roll damping) and other factors. Differences in the above param- 
eters result in corresponding idiosyncrasies of Hue wet nerare on 
unbalanced. thrust failure. | 


™~ 
ON 
© 


However, the behavior of the sie tens in this somblex earns 
tion is not determined by design and aerodynamic characteristics 
alone. fi 


. Great importance attaches to the actions of the. pilot:. their 
speed, incisiveness, and: proportioning. Pilot actions explain the 
well-known fact that the same airplane being flown in the same 
flight regime under the control of one pilot will not leave the 
acceptable range of spatial attitudes after failure of a lateral 
engine, while if another pilot. is at the controls it will go to 
dangerous roll.and slip .angles. It: goes without saying that 
piloting should not require excessively high skill of the pilot 
or stand in contradiction to the conventional and customary pro- 
cedures for handling an. airplane in any of the cases possible in 
flight., including sudden engine failure. Such are the require- 
ments of most.of the standards. currently in effect for the air- 
worthiness of aircraft. However, a pilot reaction to engine fail- 
ure that: takes the correct direction, is of proportionate magni- 
tude. and does not take longer than the allowed delay’ time should 
not be made a criterion of extremely high skill on his part — if, 
of course, the characteristics of the vehicle, and primarily its 
power-weight ratio, stability, and controllability support per- 
formance of the necessary maneuvers and conform .to the above stan- 
dards. 


To ensure. timeliness of the pilot's reaction to. the appear-.: 
ance of.an unbalanced-thrust situation, it is necessary that his 
actions to counter the deviations from the :original flight. regime 
follow directly from the incipient.. divergent motion, irrespective 
of his conscious analysis of all of the facts of the event, i.e., 
establishing that a failure has occurred, determining which of the 
engines: has failed, not to mention taking any possible measures to 
restore the powerplant. to normal operation. 


It.goes without saying that all of these actions, which are 
often made difficult by the properties of the devices used to 
indicate the performance of modern powerplants, must be undertaken, 
but independently of, and only after, all necessary measures to 
correct the divergent motion of the airplane, since any delay of 
the latter may have eenee Pous consequences. 


The results of many psychophysiological sipeniaenes which 
have been confirmed in aviation practice (and in the practical 
activity of people operating complicated dynamic systems of other 
types), indicate that the most dependable way to ensure sufficient- 
ly rapid and, at the same time, incisive actions is to train the /61 
individual in performance of these actions — to establish 
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euvonaure! and make the necessary reaction: habitual. : 


On the other hand, it is obvious that:only a reaction that 
is repeated many times can become a habitual, thoroughly condi- 
tioned reaction. The individual does not become habituated to in- 
frequent occurrences , which, in our day » include vee VEOue eenoane 
failures. 


Hence follows the expediency of systematic training of the 
flight crew to control the aircraft as lateral-engine failures ~ 
are simulated. In the interest of ensuring the necessary safety ' 
in such beers it is necessary to elaborate the procedure on 
the principle of progressive complication: ' The procedure should 
begin with smooth throttling back, by the: trainee pilot himself, 
of the rpm (thrust) of an engine located closest to the airplane’ Ss 
plane of symmetry at near-cruising* “speed, and should progress 
gradually to the stage“at which the instructor -or inspector ’*" 7 
abruptly shuts down a critical (i.e., as a rule, outboard) engine 
during a climb at relatively low translational speed with the 
powerplant running at high (nominal or maximum) - nOueRGE - 


*. "In addition, and: ages 
pendently of these training 
flights, it is important | 
'. that the pilot hold himself © 
a in internal readiness to. 
| respond quickly and cor- 
rectly ‘to an unexpected 
engine failure at all stages 
in the flight — from the’ ©—= 
a aa takeoff run to the landing 
\ Total directional-stability aon roll. He must be aware of | 
‘loss (m) the fact that the sharpness 
_ of the ‘airplane’ s divergent’ 
motion may differ greatly 
is between the various flight | 
regimes. Thus, at high’ 
altitude, where the lower 
Figure 30. Coefficient of Static density of the air causes 
Directional Stability m8 of a a sharp decrease in damping, 
y : an airplane in flight in 
Supersonic. “Aircraft as a Function 7 
of Mach Number. the range of subcritical 
attack angles will go into 
its roll, other conditions 
the same, much more sharply 
than it will at low altitude. In the same ways there is reason to 
expect different rates of the divergent motion ‘on failure of a 
lateral engine of the same airplane at different flight speeds. 
We pointed out above that the aerodynamic drag of a windmilling 
turboprop engine has a distinct maximum at a certain speed; natur- 
ally, in the event of engine failure at this speed, the increased 
unbalanced-thrust moment will produce an effect correspondingly 


| ony Maximum M permitted by | 
directional eeaniity margin 


‘Minimum acceptable areca 
stability margin 


: Directional . 


instability 


a ——. on 
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stronger than that experienced at other initial speeds.-°. Another 
range of flight speeds in which lateral-engine failure is especial- 
ly dangerous corresponds to the maximum permissible Mach numbers 

of supersonic aircraft (Fig. 30). 


A clear conception. as .to the nature arid rate of the diver- 
gent motion that can be expected in the case of an unbalanced 
thrust failure on a given airplane in a given initial flight con- 
dition substantially reduces -the element of. surprise and thereby  /62 
contributes to timeliness. and correctness of the countermeasures 
taken by the pilot. ‘8 


It should be noted that the. very nature of. the. movements ;- 
made at the controls to counter the divergent motion.of the air 
plane, and especially the bank that follows failure of a laterar 
engine, differs to some degree from the ‘cus tomary and usual 5 “when 
directional motion is controlled with the-rudder and transverse - 
motion with the ailerons... 


The reason for this is.that, as we noted above, the basic 
cause of the roll of a transversely stable airplane after failure 
of a lateral engine is the slip that this failure generates. 


Hence it follows that the basic element in counteracting the 
banking of an airplane after failure of a lateral engine must be 
the effort to counter the sli Confronted with an unexpected 
banking of the airplane (which is, as we see, the usual manifesta- 
tion of an engine failure), the pilot must, as he uses the aile- 


rons, keep the airplane from rolling further by a vigorous deflec-— 
tion of the rudder pedal for the opposite direction. 


‘This reaction does not quite conform to the above-stated 
requirement of the airworthiness standards ("not to be in contra- 
diction to the customary piloting procedures"), and may not strike 
the pilot as particularly natural, since he may simply not notice 
the yawing motion that is in this case the first cause of the roll 
against the background of the much sharper banking motion. How- 
ever, to deal with the roll "naturally," i.e., simply by deflect- /63 
ing the ailerons, would be incorrect in this case, since deflec- 
tion of the ailerons has no direct effect in adjusting the slip 
angle and, as a rule, cannot cancel the transverse- ~Stability moment 
My = m®g1set- that appears as: an effect of slip on lateral-engine. 
esis. 


The above does not, of course, mean that the ailerons should 
not be used at all to counter the roll in such a situation. De- 
flecting them does produce a certain moment about. the longitudinal 
axis. But, more than that, it is with the ailerons that the air- 
plane is rolled back slightly in the opposite direction — toward 
the running engines — after the original rolling divergence has . 
been corrected (the expediency of this will be demonstrated below). 
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However, the most important thing at the first instant is to coun- 
teract the first cause of the roll, i.e., the slip, which should 
be corrected by using all means available to the pilot: both the 
ailerons and the rudder. 


There is only one exception to this recommendation: failure 
of an engine in'the range of Mach numbers in which the reverse 
rolling reaction to slip prevails. In the presence of the reversed 
reaction, deflection of the pedal on the side opposite to the 
bank will not correct it, but will, to the contrary, aggravate it. 
But, as we know, transverse static stability is small in absolute’ 
magnitude in this range of Mach numbers and,-consequently, the —::' 
bank caused by the slip cannot be so sharp as to require a frantic... 
response from the pilot. : 


Finally, we may not overlook the fact that failure of one of 
the engines, irrespective of its asymmetry, also causes a decrease 
in the actual amount of thrust developed. The disturbed equilib- 
rium of the forces acting on the airplane along its longitudinal 
axis will give rise to a negative longitudinal acceleration (de- 
celeration). If, therefore, the airplane is flying without an 
adequate excess of its actual speed over the safe maneuvering. 
speed, measures must be taken quickly to prevent loss of speed: . 
the pilot must reduce his climbing angle or (if his altitude mar- 
gin is large enough) even.nose the airplane down temporarily 
until the airplane has been trimmed for partial and unbalanced 
thrust, or else increase the thrust of the remaining running en- 
gines. In taking the last of these measures, it should be remem- 
bered that the deficiency of thrust is compensated by increasing. 
the degree of its imbalance (see Chapter III). On multiengined 
aircraft, therefore, it is advisable to begin the thrust buildup |; 
with the engines on the same wing as the out engine, and, most : 
importantly, to add thrust in all cases only after the airplane 
has recovered from.the bank or, even better, been put into a 
slight bank toward ithe running engines. _ 


Failures. of different engines of the same airplane do not re- /64 
sult in identical changes in the airplane's behavior. Naturally, 
failure of an outboard engine, one situated on a longer arm rela- 
tive to the. plane of symmetry, will be felt more strongly than 
failure of an inboard engine. On propeller-driven aircraft, even 
‘when the arms are equal, failure of an engine: on the side away 
from the direction of propeller rotation will have stronger ef- 
fects. To take such facts into account, a critical engine can be 
identified on each airplane as the one whose failure will result 
in the most unfavorable changes in the airplane's behavior. In 
evaluating the divergent motion of an airplane after failure of 
a lateral engine — whether mathematically, with the aid of simula= 
tors, or in flight tests — the assumption that precisely this 
critical engine has failed should consistently be used as the 
basis. 
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Chapter III 


™~ 
ON 


STEADY FLIGHT WITH PARTIAL AND UNBALANCED THRUST 


1. CHANGES IN THE FLIGHT CHARACTERISTICS OF THE AIRPLANE IN FLIGHT 
~WITH.PARTIAL THRUST. RANGE OF SPEEDS, RATE OF CLIMB. CEILING 


‘When it has succeeded’ in correcting the divergence caused by. 
failure iof a lateral :-engine by counteracting the yawing and espec- 
ilally the rolling.motions, and the airplane is. being kept from as- 
suming a.dangerous attitude, the crew still faces the following 
problem: continue the flight with partial and unbalanced thrust 
to the destimation, or at least to the nearest airport (which may 
also De: the airport of: open es 


‘The design case usually piece in this situation, for any 
stage in the flight beginning with the climb, is failure of one 
engine of a two-engined airplane or failure of two engines on air- 
craft whose powerplants .consist.of.three or four engines or more. 
If n > 4y continuation: of the’ flight after failure of two engines 
on the Same side of the airplane's praise of symmetry is considered. 


Flight experience confirms the ‘soundness of See ees of this 
case as. the design case. : 


Although we ponetdenéd failure of only one engine in our in- 
vestigation of the airplane's divergent motion immediately after 
devélopment of the thrust imbalance, since failure of a second 
engine: during the short period of:time required to bring this di- 
vergent motion under control was practically improbable, it is 
necessary in examining continuation of steady flight with a power- 
plant not in full working order to base the analysis on the prob- 
ability of failure of a second engine not within the next few 
seconds, but within the time needed to complete the flight, i.e., 
within tens of minutes to'’several hours. To disregard :altogether 
the possibility of failure of a second engine of an aircraft with /66 
n > 3 engines for this span of time is no longer possible, no 
matter how improbable this Gare is statistically. 


PaiiuRe: of more than two’‘engines on the same flight of a 
modern multiengined airplane is a negligibly rare phenomenon. True, 
even ‘such cases have been recorded. Thus, in September of 1962, 
an American C-69 aircraft with 76 passengers aboard went down in 
the Atlantic after three of its. four engines had failed. Even in 
this case, however, it was not proven that the failure of the 
three engines was a coincidence and that the events were mutually 
independent. 


Two kinds of difficulties may have to be overcome to continue 
steady flight with partial and unbalanced thrust after failure of 
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some of an airplane' s engines: firstly, inade uacy of the remaining 
thrust (power) margin and, secondly, the impossibility (or limited 
possibility) of lateral balancing of the airplane in the presence 
of the permanent yawing moment from the thrust imbalance. 


It was shown above that, as a rule, thrust deficiency and 
imbalance go hand in hand from the moment of their first appear-~' 
ance. This relation also persists under the conditions of steady 
flight. Thus, the rudder deflection necessary to counter. the 
unbalanced thrust moment results at the same time in an increase 
in aerodynamic drag and thus further lowers the already limited _ 
thrust margin. On the other hand, complete or partial restoration 
of the initial thrust: by increasing the speed of the running en-' | 
gines increases the. imbalance with which it is applied to the air- * 
peas ee 


| However, despite this 
Obvious relation, it is 
ac expedient in the interests 
7 avail of consistency of exposi-. 
with full thrust tion to examine the influ- 
ence of a thrust deficiency 


“New? 
_ with partial thrust 


N reqd x 
_with full thrust \ 


AN Be pk on steady flight of the air- 
sgn MOY tas oe N avail } a 

with full thrust / with partial plane separately from the 
ONmaz thrust effects of thrust imbalance. 
with Ry ae agen a 
anna. Figure 31 shows sche- 


matic required and avail-. 
able power curves for a 


“Wo s wiak certain airplane. Top | 
eee with partie’ speed in level flight cor- 
windmilling ____- thrust \Sj + —— responds to the point at 


l V ji ; 

mar which these curves inter- 
-with full thrust .. sect, at which the required 
power equals the available 


Figure 31. Available and Required power (unless, of course, 


Power Curves for an Aircraft. in 


there is a Mach-number or) 
Flight with Full and Partial ram-pressure limit to top 
Thrust. spedd) 


Maximum rate of climb is obtained at the speed corresponding 
to the maximum power margin, i.e., to the greatest distance along 
the axis of ordinates between the curves of available and required 
power for the particular altitude.. 


The region included between these curves is that of possible /67 
level-flight regimes. In partial-thrust flight, the required and 
available power curves are shifted as indicated by the dashed lines 
in Fig. 31. This shift needs no explanation: it is natural that 
failure of some engines lowers powerplant output proportionally. 
Figure 31 shows the change in the trend of the availabie-power 
curve for the case in which one of four engines on the airplane is 
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out. Thus the ordinate of each point on the dashed curve. repre- 

sents 0.75 of the corresponding ordinate of the solid curve. 
Simultaneously , the required-power curve ‘changes its seeds 

tion slightly, moving upward. This shift has several causes: the 

rudder and aileron deflections to counter the yaw and roll, the 

increased drag of all parts of’ the airplane as-.a result of the . 

oblique wash (if the flight continues without elimination of the 

slip), and, finally, the aerodynamic drag of the failed engine 

itself and its propeller. As we pointed out above, the latter 

is especially large if the airplane .has turboprop engines and 

for some reason it has not been possible to feather the propeller 

of the failed engine. For these reasons, the aerodynamic drag. 

of the. airplane increases and, accordingly, so does the power — 

required to fly it. As a result, the region of possible level- ; 

flight regimes in flight with partial and unbalanced thrust (the /68 

region between the dashed curves in Fig. 31) is narrowed appre- 

ciably and the flight performance of the airplane deteriorates 

accordingly. 


Thrust deficiency has a 
lesser effect on the range of 
flight speeds of which modern. 


jet aircraft are capable. In : — . a 

any event, this range is re- | Sey nen \ 

duced to a substantially lesser So eS eS 

degree than rate of climb and ‘ 

ceiling for aircraft with gas- ® \ “ Vinax With full thrust 

turbine engines. This pecul- ® ‘\ \Qwithout consideration 

jarity is explained by. the . | , 2 x of fimits):, 

fact that the top speed of a AS NG ‘4 

jet airplane, unlike those of EKO ! 

the propeller aircraft of past f/ | NG Hy 

years, is not always limited fi "Vinax with partial 

by powerplant output, and, if Ei aoa 

it is, then not at all alti- . limits) 

tudes. ; 0 vi 
| Raise of actual top speed: Lee 

Figure 32 presents a dia- : Al - ¢\ with full thrust 

gram of the top speed of a Z | ~ with partial thrust : 

jet airplane against altitude. 

The dashed curve indicates the Figure 32. ‘Range of Possible 


top speed that the airplane ) 
could develop in level flight ae cee ae 


at nominal (maximum) power- 
plant output on the assumption > Partial Thrust . 
‘that there are no restrictions 

in the way of reaching this © 

speed. 


In actuality, however , such limitations do exist, both in 
the ram pressure q =. oV2/2 and in the Mach number.. Exceeding 


¢ 


2 ia 


the ram-pressure restrictions would result in the exertion of 
excessive, above-design forces on the airplane: by the airstream . 
and would be inadmissible from the standpoints of the static and. 


- 
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dynamic strength and the. rigidity of its construction. Exceeding.’ © 


the Mach-number restrictions, on the other hand, would result in 
the development of shock-stall phenomena and the associated sta- 
bility and controllability crisis, in which the airplane may nose 
down into a dive, roll spontaneously ("list"), go into buffeting- 
type vibrations, and exhibit other undesirable effects. 


‘Figure 32 illustrates Mach-number and ram-pressure flight- --" 


speed limitations. Because such limits exist, the practically 
attainable top speed is found to be considerably lower than the. - 


speed corresponding to full utilization of powerplant output. .-In.’:: 


a wide range of altitudes — from the ground to the altitude cor--..~ 


responding on the diagram to the point at which.the dashed top- 


speed curve for full thrust crosses the curve of the ram-pressure : 


and Mach-number limits — the highest possible top speed is main- 


tained on partial thrust, with the. powerplant: throttled pack; re=- °: 


gardless of its Homans order. 


The dot-dash curve on the same. figure indicates: the .line of 
top speeds for forced flight with partial thrust: (the case ini 
which. the deficiency is due'to failure of some of ‘the ‘engines'). 
In a certain altitude range, this ‘curve, which lies quite far to 


left of the dashed full- thrust top-speed curve, runs to the right. 


of the limit line. In this range, which extends from the ground’ 
to five or six kilometers or more for modern aircraft, the air-‘" 


plane will therefore have a thrust, even with not all sof its en-- 


gines running, sufficient to develop a speed in excess of ‘the im-.- : 
posed limits or at least approaching them. In such a case, fail-:"*. 


ure of some of the engines will have little or no effect on the 
range of speeds. 


The thrust deficiency will have a much. stronger effect'‘on the: '.::: 
airplane's rate of climb (vertical velocity), which, of course, ‘i's’ 


determined by the formula 


Vi =75—, : 


’ t 


where Vy is the rate of climb in m/sec, G'is the weight of the air-. 


plane in kg, and aN is. mne power margin .in hp. ae 


It is edident from this. formula that the rate. of elimb seas 
pends directly on power margin, which, being a comparatively small 


difference between two large quantities (N | and N., ee oe 
highly sensitive to changes’ in them. oa | 
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As a result, if ‘the. 
top speed of the airplane 
is lower. by only 10-20% 
after failure of 25=502 - 
of its gas-turbine en-. 
gines, its vertical.velo- 
city drops by, a. large fac- 
tor (5-8). 


The turbojet engines 
of present-day aircraft 
are not characterized by 
high high-altitude per- 
formance. , All: other con-- 
Gitions. the same, their : 
thrust (power) diminishes . 
steadily with increasing: 
altitude.:. The rate of 


climb.of the aircraft ae 


decreases accordingly. 


Since, as we have 
Shown, the- rate of climb: - 
at each given altitude is. 
substantially lower ‘in 


flight with partial thrust. 
than in: full-thrust flight, 


the airplane's ceiling in 


the former case: will: corre-: :%°- 


Practical ceiling with * 


oa Ge eee ow we we ene oe 


:.° full thrust 


with partial 


” BIE airplane 


Figure 33. Vertical 


Practical ceiling \ | - 


H 
. Practical ceiling with 


“full thrust 


_thrust 


\ 


Practical ceiling 
with partial 


piston-engined 
airplane 


Velocity V, as. 


a Function of Flight Atltitude H 


/and Ceiling H)., for Aircraft with 


™~N, 


Engine maximum- 
‘ power altitude 
limit, . 


‘Turbojet and Piston Engines Develop-. 
ing Full and ‘Partial Thrust..Solid 


lines: full thrust; 


partial thrust. 


1 


dashed lines: 


spond to a: considerably lower altitude than in’ flight with ee 
powerplant in: full working order (Fig. 33). 


The effect of partial thrust on ceiling is even more pro- 
nounced for piston-engined aircraft, whose ability to climb is 
usually. exhausted at an: altitude only a few hundred meters above 


the maximum-power altitude. 


What we have said concerning the change in the performance of 
gas-turbine-engined aircraft in flight with partial thrust is, of 
course, generally valid also for aircraft with turboprop engines, 
but only provided that the propellers of the out engines are 
feathered. If, on the other hand, the feathering system does not 


function properly and the propeller of the failed turboprop engine. /71 


continues to turn by autorotation, the trend of the required-power 


curve changes significantly owing to the drag generated by the pro- 


peller. As a result, the range of possible level- -flignt regimes 


is reduced even further. 


While they sie. caeseas of reliable level flight in a broad 
range of altitudes, and even of climbing with not only one but 
even with two engines out if their propellers are feathered, most 
four-engined turboprop aircraft are hardly capable of level flight 
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even with one engine out if its propeller is -windmilling. 


As was shown in Fig. .26,-the-propeller drag of a windmilling | 
turboprop engine is different at different flight ‘speeds. It 
reaches its maximum at the boundary between the speed range in 
which the propeller turns at constant rpm and -the range correspond- 
ing to rotation on the stops, i.e., at a constant setting angle. 

At lower speeds; the ‘drag of the windmilling propeller decreases: 
smoothly, and at higher speeds it also decreases, but even more 
sharply, tending rapidly to a certain Pee ee aes constant rao 
low value. 


This behavior..of the aerodynamic-drag curve of.a windmilling 
propeller with varying speed explains the ‘specific shape of the °’:*' 
required-power curve (see Fig. 31) characteristic for turboprop - 
aircraft with the propeller of a failed engine .windmilling. 


If the speed in the optimum regime corresponding to the” 
largest power margin for the particular ‘aircraft in flight with 
full thrust is near the speed at which-the windmilling propeller - 
has maximum drag, the optimum flight regime with partial thrust 
and a windmilling propeller will naturally :be shifted toward 
somewhat -lower flight speeds than when the propeller of :the -out 
engine has:‘been feathered. Needless to say, the power margin: 
is found to be much smaller in eve Ore ‘magnitude in the wind- 
milling-propeller case. Se 

Figure 33.shows the altitude variations of” mate .Of climb for. ey 
aircraft with jet and piston engines. These curves are similar : ae 
in trend to those representing the power (thrust) variation in- 
herent to engines of these classes.. The piston engine has. a: 
supercharger or'turbocharger that ensures maintenance :and even.a 
slight increase of its power output as the .airplane climbs from 
the ground to its maximum-power altitude. The power output of 
gas-turbine engines (except for the taney does NOs as we stated. 
above, increase with altitude. ac. : 

THipartinl—ehtust /T2 
: flight, this difference has 
[eee i one practically highly im- 
“10000-11000 a | | : | 
New equilibdum aldtide z portant.consequence: if:for 
with partial thrust 6500-70000 Y a certain piston-engined 
aircraft-.under certain specif-: 


Engine . 
failure 


- ‘Sant Gadd Cain with partial thrust -4¢ conditions (aircraft . 
decent \ | - ae ate aed © weight, ambient-air tem-: | 


peratures, rpm of windmill- 

ing propeller) the power mar- 

0 as oe er ee gin does not support level 
ree | partial-thrust flight near 


Figure 34.’ Flight ‘Profile of Tu- the maximum-power altitude, 


‘there is no reason to expect 
upaiks after Failure of One ee ee a hc 


Lhr-Thr20min) 


Uhy30min-IhrSOmin 
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possible at some lower altitude.* -:. 


Turbojet ‘aircraft, whose thrust and power margins increase 
steadily with the approach to the ground, are another matter. Thus, 
even if the airplane: cannot fly level at.high. altitudes with par- 
tial:thrust., the appearance of this ‘capability at some lower alti- 
tude is not excluded. Thus, the Tu-104 can fly normally at full 
weight on one engine at. altitudes up to five or six thousand meters. 
If it sustains an engine failure at a higher altitude, the air- 
plane must inevitably descend, but this process will take place 
quite slowly, and at variable vertical velocity (which decreases | 
as the airplane descends closer to the new equilibrium altitude 
corresponding to the partial-thrust ceiling). .Having descended 
to this ‘altitude, the ‘airplane’: will -become able to-climb ‘again 
after a certain time as -it burns.off fuel and. its. weight -dimin- 
ishes accordingly (Fig. 34).. if: 


In practice,.of; course, it-is not always possible.to follow 
this profile. If the airplane is flying in an airway zone, where 
safety considerations: require :strict observance of vertical sep- 
aration, the crew. of the airplane whose engine has failed will be 
obliged to continue ‘the flight. not.on an inclined trajectory, but 
along a certain stepped profile (this. profile is indicated by the 
dashed line in Fig.. 34), iniwhich each successive step corresponds 
to the highest level of flights ;in the particular direction at 
which partial-thrust flight is possible at the given aircraft 
weight. The airplane remains on this level until the weight loss 
resulting from aie - fuel eae it to climb to the next 
more favorable ‘level. 20 


Ss 
~) 


At first glance, the :forced arti tude: chen after partial 
powerplant failure may ‘not. appear hazardous, but it may sometimes 
give rise to significant difficulties. ‘Thus, if prior to failure 
of one of its engines, the airplane was ‘flying above clouds char- 
acterized by icing conditions, strong turbulence, or other dan- 
gerous phenomena, partial powerplant failure would involve a forced 
change to an altitude at which these dangerous phenomena would in- 
~evitably be als 


To avoid the need ‘for smepeated trial climbing after a partial 
engine ‘failure ,to attain the altitude at which level flight can be 
continued under the particular’ conditions and at the particular 
flight weight, these quantities are determined in advance during 
the flight tests of each airplane. The data.-thus acquired are re- 
duced to. diagrams (nomograms) ‘from which' the crew can, at any time, 
knowing -the weight of the machine, the ambient-air temperature, 


*In this case, we speak of the lower of the existing maximum-power 
altitude limits, at which the power of an engine having a geared 
supercharger with several speeds (transmission ratios from the 
engine shaft to the ‘supercharger shaft) is at maximum. 
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and the other necessary parameters, determine the altitude range 
in which continuation of level flight.is possible and ask permis-..- | 
Sion to change to the new level at the appropriate time. a ee 


2 FLIGHT RANGE WITH PARTIAL THRUST 


Other conditions the same, tne flight range of an siysiane 
is determined by its per-kilometer fuel consumption ye: For turbo-- . 


jet-engined aircraft, " a 


where c, is the speeitie fuel. consumption in. “ke of’ fuel per Ke of. 


thrust on hour, Gis the. airplane' s flight weight in kg, Vv is. its. 

true (air) speed in km/h , and K is‘its lift- -drag ratio. ess 
Consequently , the- POneest range will correspond to: the tare” ‘oe 

est value of. the product. V- UK. | eee 


Specific fuel con- 
sumption C. 


Lo) 


ipmn. & 


Figure 35. Specific Fuel Con- . _ a 


= 
sumption C, as a Function of Figure 36. Polar Curves .of: Aira 


Turbojet-Engine rpm. ° craft for Various Mach Numbers. 


Calculations indicate that the maximum value. ‘of this product 714 
is attained in ‘the regime corresponding to Cy = ey. /V¥3, at which 
- max 
the 1ift- -drag ratio is about 87% of its maximum value. However; -_ 
the loss in lift-drag ratio is offset by the gain in flight eee 


Thus , turbojet aircraft: have their maximum flight range in. 
regimes much closer to their top-speed regimes than do piston- 
engined aircraft, whose maximum range is obtained in flight at . an: 
‘angle of attack near the optimum. 


On a. descent toa lower altitude with retention of the same. 
angle of attack (which corresponds to the lift-drag ratio estab-. ... 
lished above, the optimum from the range standpoint), a loss of. 7 
flight range is inevitable. i 


62 


‘The cause of this loss is dual in nature. ’ Firstly, range is 
shortened owing to the lowering of flight speed in denser air. 
secondly, with the ‘transfer to the lower altitude, the specific 
fuel consumption = C. increases as a result of the fact that the 


same thrust haeaea for flight at the angle of attack correspond- 
ing to. (VK). x Will be obtained at lower rpm (engines throttled 


Seen ee aie the lower altitude. Figure 35 shows ‘a typical 
curve of specific, consumption vs. turbojet-engine rpm. 


On the other hand, a useful effect does arise on transfer to 
the lower flight altitude with retention of the original angie of 
attack — a more favorable trend of the polar curve owing to the 
decrease in the Mach number, i.e., the distance between the actual 
flight regime and the shock-stall range.. Figure 36 shows several 
polar curves of the same aircraft _for various M.. We see from the /75 
figure that the absence® of wave drag markedly lowers the Cy of the 


airplane as a whole. However, calculations that have been  rewne 
out in-practice indicate that with the decrease in altitude, the 
sum effect of the unfavorable changes in speed and specific fuel 
consumption QUENE FEBS the helpful influence of the Mach-number ~ 
change. __. 
hes wesnle. aiwenast with turbojet engines attain their 

longest ranges.at the highest altitude at which the thrust of the’ 
powerplant in operation at the highest output permitted for con- 
tinuous. .duty . Supports ee at the angle of attack fog e ne re 
to a 1lift- -drag ratio K : 0.87K, ¢ 1191 


As' a rule, this altitude is 
1-3 km below. the practical ceiling H/Hrace 
of modern jet aircraft. It is at “oa 
this altitude that most route and 
cruise flights are made. 


Relative ceiling with 
. fewer than all engines 
running 


It is easy to conclude from 
the above that a forced descent due 
to partial powerplant failure has 
a negative effect on flight range. 0 
In certain cases, the range loss 
that occurs here may make it neces- 
sary to return to the departure 


10 Ul ax 


‘Figure 37. Variation:of 


airport (1f the failure took place 
on the first half of the distance) 
or even to make a forced landing 
at ah intermediate airport. 


In changing altitude after 
failure of one or more engines, 
therefore , the rule is that the. 


Flight Range with Alti- 


-tude for Aircraft with 
_Turbojet and Piston Engines. 


1) Turbojet-engined air- 


- eraft;:.2) piston-engined 


aircraft; 3) turbojet air- 


craft at partial thrust. 


airplane's crew mus t review the. flight plan with consideration of 
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the change in range and apply the necessary. corrections to it. 


Figure 37 shows the’ relative loss of range on leaving the 
optimum flight altitude for aircraft with various types of en- 
gines. However, it must be remembered in evaluating the relation- 
ships illustrated in the figure, especially as regards TJE air- 
craft, that curves 1 and 2 were plotted on the assumption that © 
all engines on the airplane are in use at all altitudes, i.e. 
they assume transfer to the lower altitude with correspondingly 
reduced rpm and, consequently, higher specific fuel consumption. 


If, however, we are concerned with a forced descent re 
to partial engine failure, it must be. assumed that the engines <) 
that remain running will be operated at the same settings as be= 
fore the engine failure or even at higher settings in order to ~ 
deliver the necessary total powerplant. thrust. Consequently, -°. =. 
it is not necessary to = losses due to the increase in the | 
specific.consumption C. and therefore, as shown by curve 3 of 


~ 
On 


Fig. 37, the range iiegese will also bé somewhat smaller. 


The research of M.I. Mazurskiy and other authors has shown. 
that under certain conditions, shutdown of 50% of the powerplant 
may not only not reduce the original range, but even lengthen it 
(up to 10-15%) and the airplane's: endurance (up to 20%) because 
of the markedly lower flight speed. If, however, the speed is 
not of decisive importance under the particular concrete circum- 
stances, transition to flight with some of the engines shut down! 
deliberately may even prove helpful, especially for heavy oa erates: 
with large: values of the ratio. Gey el: :G@ (0.5: and more). In any 


event, the question. as to the possibility of reaching the des tina- 
tion airport — regardless of the time involved — is easier to 
answer in the. affirmative. 


It must be remembered,- however, that the above pertains'to. 
the case of flight with the powerplants used in different ways at’ 
a given altitude. However, as. concerns the absolute maximum range 
attainable by a certain type of airplane with a certain fuel re- 
serve and a certain flight weight, this range is attained, as we 
noted above, with all engines in near-nominal operation, and in 
flight 1-3 km below the practical ceiling. Shutdown of some of 
the available engines -—- and it. makes no difference whether this is 
intentional or forced — makes it necessary to go to lower alti- 
tudes and, consequently, results ina range loss as compared with 
the maximum possible range value. 


3. FLIGHT CONDITIONS ONE AND TWO ON AIRCRAFT: WITH PISTON, TURBO- 
JET, AND TURBOFAN ENGINES.. FLIGHT WITH PARTIAL AND UNBALANCED 
THRUST IN CONDITIONS ONE AND TWO 


Failure of one or even two. engines of a modern aircraft with 
a high thrust-welght ratio in level flight does not always mean 
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that it is necessary to descend. Moreover, flight can be contin- 
ued at the altitude of the failure in many cases, but at an ap- 
propriately lower speed. 


Hence arises the question as to 
the minimum speed that the pilot 
must reach if he has advance know- 
ledge of neither the equilibrium 
speed under the new conditions nor 
the very possibility of continuing 
flight with partial thrust at a> 
particular altitude. It will be 
shown below that the lowest permis- 0 eat: — 
sible speed in this .case corresponds at ae ae 
to the boundary. between flight con- - < / ‘ 
ditions one and-two. On the other 
hand, lowering the speed further to Figure 38. Power Margin 

and. Vertical Velocity 
stalling speed (which corresponds. V_ vs. Forward Speed V 
to the critical angle of attack) or y 
even to the safety speed is, firstly, (at Constant Powerplant 
of no help, since it would result Setting). 
in a transition into a-range in . Link 
which the negative power margin in- 
creases again (a change in the sign.of the gradient. a(AN)/9V), 
and, secondly, is not.without its hazards, since it would make 
handling difficult.. 


The division of the range of flight speeds into..condition- 
one and condition-two segments. has long been customary in aero-. 
dynamics, but with the advent of jet aircraft the practical impor- 
tance of this division, especially when the dynamics of partial~ 
thrust flight are considered, has increased substantially. 


Flight conditions one and two are characterized by opposite 
relationships between the variations of forward speed and the cor- 
responding variations of vertical velocity (Fig. 38).. In condi- 
tion one, the vertical velocity is lower the higher the forward 
speed up to V ax? at which - = 0. In condition two, on the other 


ee hand, vertical velocity is higher the. higher the forward 
spee 


In most existing textbooks on flight theory, condition two 
is evaluated as unfavorable from the standpoint of economy, since 
it is characterized by higher required-power values and, conse- 
quently, increased fuel consumption rates without any speed gain. 


However, it is helpful to analyze condition two: flight from... 
the standpoint of its inherent piloting characteristics. © 


As we see from Fig. 39, a decrease in speed at a given power 
plant setting in condition I flight (region A) results in an 
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> increase in. power margin., .It 
. is essentially .on. this. rela- .... 


_ cepted:technique for control 

-. “of an aircraft in pitch is. 

..- based: a decrease. in forward > 

crease for descent. In prin- | 
ne ciple, an. automatic pilot , with. 

Seca \ | altitude correction (by .means: 

of a statoscope) also controls. 
an airplane in the same way. 


hoe Rees Howéver,. this igtave ‘of | 
Figure 39. Required and Actual... affairs, which is -the. naturel . 


‘Thrust Curves of an: Airplane. one for the. pilot cand “the one.. 
A) Range of condition I flight; to which-he is accustomed, 


B) range of condition II flight. - breaks down-in condition Mpa Baar 
a s in which the slopes of the re-.|:. |: 


= quired- and. actual-power . curves, 
change sign (region B). Hone. a decrease in speed results in.a : 
‘drop in the power margin and; “consequently, ; the PHEMAOE | Ot a ng 
climb peyney a a ‘descent. » oe oye 


It may seem at.:‘first glance that ‘this reversed AN. 2 cay). yet 
lationship would be manifested SO obviously | ‘that Ait, seould not SBriie 


cape the pilot's. notice. 


Actually ,, however, . this behavior is masked by. another. “effect . 
— a redistribution of the kinetic and potential components. of the | 
airplane's total energy... 


stant powerplant setting always. gives. rise Anitially to a. ge 
n, > 1 and a corresponding increase in vertical | velocity (i.e. 


if the initial: flight ‘condition Was. level flight, transition 66 a. 


As a result, a décrease in speed at con- 


tionship that tthe. generally Cw. 


wi} 


eee, L 8 


climb ) owing to ‘conversion. of” some of the kinetic energy ‘into: ie, 


tential energy. . Conversely ; . a speed. increase always. ‘results ‘in: 
the initial instant ‘in, a, .de crease in ie (transition from: level: 


flight to descent) owing to: conversion of some of. the airplane’ Ss. eh 


potential Energy to kinetic energy. 


Hence the true pattern of ‘the ‘change in, parameters in ‘tiansts 


tional flight. conditions is found to resemble, that shown in ec 
40. When the new speed value. (N- .AV) “has been. established, 


new vertical velocity: will also. have. been established: a Serre: 


one in condition-.one (Fig. 40a) and a negative -one in condition ©)... 


two (Fig. 40b)..:- In the. intermediate stage., however, during the 
‘unsteady... ‘motion, a decrease. in speed. will, produce. the same. efféct.. 
in either of these cases: transition to.a climb;:-no matter how 
brief in duration. . oso: 4. cS age Be A 
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The effect of Kinetic ~~ -4¥.% 
and potential energy compo- --. *- 
nent redistribution is es---- .- 
pecially strongly manifested: ‘" |u, 

on modern high- speed air-" 7 
planes, whiéh have ‘such’ a ey LV Ag 
large kinetic-energy margin’ eee 
that even-a relatively small 
change in this energy’ will 
result.-in-‘an: appreciable ° 
change’ in altitude. 


™N 
~] 
\O 


| 


bVy 


eee ee Myon 

Thus > if, without cene- ‘Level flight in Transitional condition! Constant-speed 
ing the positions ‘of: the » a \ condition I ‘ (speed decrease) } climb ~ ' 
throttles,-the pilot of 4 ° es a . 
subsonic’ jet airplane with ~~: | _ 

swept wings and a wingload ot ayy 
on the‘order ‘of 400-420° oe a 
reducés: his speed’ by 20: ao 
-km/hour in ‘an“ initial con- ~~ 
“dition of level flight at an 
altitude of 10,000 -m at'an: “-/%~ 
indicated speed of 385 

km/hour (these conditions 

corréspond ‘£0 ‘condition two: 

flight), the airplane will” 

gain about 200 m of alti-. 


’ 
ee ee 


~t 
tude as a result of conver-_ ; . | 
sion-of ‘sémé ofits kinetic. - * |'Level flight in, | Transitional condition| - Constant-speed ~ 
ener ey’ into pot ential energy « conditionII |) (speed decrease) descent ! 

‘As we- have noted, ‘how-| ce ) .  & 

ever, this climb will be 
temporary . ‘After the new , Some ‘WO. iranedt Lonel Flight. Re- 
speed value, has been. es-. : ” gimes During Correction of a De- 
tablished, the airplane will. car viation from Assigned Altitude. 
no longer be- able to fly. ' > a) In the condition I range; b)- 


level, since it is even in the céndition II range. 
deeper into: the condition-° ‘ 

two range, where the power 

margin is negative. As a result, the airplane will gO into a 
descent at a vertical velocity ‘Of about Q.4-0.5 m/sec. As it de- 
scends, it’ will again cross the altitude’ at which: the maneuver was 
started and continue thé’ descent evén further. However, it is: ’ 
easily — calculated that the ‘descent ‘to the Starting altitude will, 
under these conditions, take6-8 minutes. At the end of: this: time 
interval, the pilot will hardly’ be able’ to. recognize the relation | 
between the descent and’ the speed change | that: he undertook a 


A similar situation may.arise in the event of failure of one 


engine at an altitude higher than the ceiling of the airplane at 
the remaining thrust. Let us assume that the pilot does not know 
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this new value. of the ceiling and attempts to hold: his original 
altitude by the usual, natural -method — by. pulling: back on -the 


stick and lowering speed accordingly.- 


- At first,:he will succeed 


in holding to the level trajectory by.:using -up. the. kinetic-energy. 


reserve. 


However, the-attempt to utilize all. of. this reserve will. 
inevitably result in a loss of speed. 


Therefore, if the pilot 


does not know precisely in advance whether or not level flight 
will be possible at the particular weight'-with partial thrust: at. 
the altitude at which the engine failed, he should permit loss of.. 
speed only to the point corresponding to:the boundary between con-.. 


ditions I and II. 


If, even on reaching. this speed, the airplane 
is not balanced in horizontal flight, 


it remains for him to de- 


scend, maintaining this speed, to the. altitude;at which the ver- = 
tical velocity vanishes of itself, us moa @ : Satis, “ee 


Level flight with progressive __ 


' 1K . loss of speed 
= aia F orced 
3 E des cent 
= 
Come 
eee 
— ‘Bh 
o st 
et at 
2) ie 


bow) 


Time 


Figure 41. Descent of Air- 
plane After. Failure of 
One of its Engines at the 
Safety Speed Meas and at 


the Speed V,;_y;7> Which 


Corresponds to the Bound- 
ary Between Flight Condi- 
tions One and Two. Vo) 
Speed before powerplant 
failure; H,)) altitude be- 
fore powerplant failure; 
Veg) safety speed; Vy_-tp 


speed corresponding to 
boundary between flight 
conditions I and II; H)) 
new ceiling.in.partial- 
thrust flight at safety. 
speed; H2) New ceiling in 
partial-thrust flight at. 
Speed corresponding to. 
boundary between flight. 
conditions I and II. 
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“The maximum Ses i pie power mar-. ° 
gin (or, more properly, the smallest 
absolute. negative power margin) is. 
built up in this type of descent. 

The vertical velocity will: then be 
the smallest possible and, conse- 
quently, the ability of the air- 
plane to fly level is restored‘ at 
an altitude higher than in any other 
descent regime. | 


Figure 41 shows two variants 
of the forced descent of an airplane 
after partial powerplant failure. 


‘In one case, the airplane has been 


permitted to decelerate at the 
initial altitude only to the speed 
corresponding to the boundary be-. 
tween conditions.one and:two; in the .- - 


second: case, speed has been lost 
‘down to. the safety level. 


As we -/81 
see from:the figure, the forced de- 
scent. takes. place-at a higher ver- 

tical velocity in the latter case, 

and the airplane's ability to con-. 
tinue level flight is restored at a 


-- much Lower altitude than in the 
- first case. eS 


It must also be remembered that 
after attainment of the speed cor- 


responding: to. the boundary. between 


conditions. one.and two, the subse- 


* quent deceleration speeds up sharply: 


on entering the condition-two range, 
the airplane comes under the: 


influence of a sharp increase in its power deficiency (negative 
power margin). Under such conditions, diversion of the pilot's 
attention.to other flight procedures, navigation, powerplant con- 
trol, etc., which naturally becomes more probable immediately — 
after an unexpected engine failure, may result in total loss of: 
airspeed ang a stall. 


Sonsequentiy:. even a moderate decrease in speed below the 
boundary between conditions I and II is equally inadmissible both 
from the standpoint of retention of the best possible flight per- 
formance and from the standpoint of flight safety. 


The above is especially important in partial-thrust flight, 
-when the available power margin is down sharply and, as a conse- 
quence, return to the range of flight condition one after an ac- 
cidental SHUEY: into condition two is men more difficult. 


Thus , the. value of the speed Vy_ II corresponding to the 


boundary between flight conditions I and II is a highly important 
quantity for piloting, especially in flight with partial and un- 
balanced thrust. Naturally, the question as to the position of 
its boundary. arises. 


As was shown in Fig. 39, the decisive difference between 
conditions I and II is that the slopes of the required- and avail- 
able- (actual-) power curves bear opposite relations to one an- 
other. 


In.condition one Nreqa’ eV > ON vail’ ov? and in condition 


two OVneqa’ oY < ON vail’ ov: 

Hence it follows that the slopes of the required- and avail- 
able-power curves should be the same at the boundary between con- 
ditions one and two. However, this condition is met not at their 
intersection, but only at their point of tangency, or, more pre- 
cisely, where the required-power curve touches that curve of the 
family of available-power lines that occupies the lowest position 
in that family and does not cut the required-power curve at two 
points, touching it at only one point. 


For aircraft with engines of a given class, it is possible 
to establish the position of this point for the general case, 
without resorting in each particular case to construction of the- 
family of available-power curves and its superposition onto the 
required-power curve. Thus, the available-power curves corre- 
sponding to various throttle-lever positions for piston-engined 
aircraft run almost horizontally, and the sought point of tan- 
gency is near. the condition corresponding to the smallest required 
power,. which, as we know, is attained at the economy angle of at- 
tack Oba (Fig. 42). 
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0 Condition ny Condition] Vy 


Figure 42. Illustrat- 
ing Location of Bound- 
ary Between Flight 
Conditions I and II 
for a Piston-Engined 
Airplane. 


Figure 43. Illustrating 
Location of Boundary Be- 
tween Flight’ Conditions I 
and II for an Airplane’ 
with Turbojet Engines: 


N 
ye ap 
Pinin t ) nin 


“avail 


. For turbojet. aircraft, ‘power. at 
constant rpm.is practically propor- 
tional to speed, since N = 'PV,* and 


‘the required-power curve is a straight 
line segment drawn from the origin of — 


the N = £(V)- diagram. ‘Naturally, this. 
curve is tangent to that curve of the 
N family that has the smallest 


slope angle oo As we’ see from Fig; “43; 
the tangent of ¢ is numerically equal 


to.the .power- cone Baur i. e4 » to 
engine. ee tek 


ir sk oe ' Beis ETOP pit Ov 
. oe ‘ o 


; ’ ‘N. 
tp: 
ae as 


In othér words, the smallest /83 
slope will be. attained at minimum: 
thrust; i.e., in flight at the 
optimum, angle of attack and the 
maximum iift- -drag ratio XK. :. 
Consequently, .t he | ‘boundary 
between flight conditions one and - 
two corresponds to the economy — 

angle of attack for a propeller-= __ 
driven airplane and to the optimum * 
angle of attack for a jet airplane. 


. In practice, however, flight 
at angles of attack exceeding | the © 
economy value is almost never en- 
tered intentionally owing to the. 
.proximity of this angle to the 
maximum permissible value. On the 
other hand, all 'stypes of airplanes 
are flown much more often at attack 
angles near the optimum, | especially 
at high) altitudes, and certain — . 
types, Such as those’ ‘lacking. hori- 
zontal tailplanes and having small- 
aspect-ratio' wings without flaps — 
the. Tu-144 (USSR) , the "Concorde" 


. *Thrust. varies little in the. speed range “Of: interest. seas us Tee 

most turbojet-engine types, it: remains: within 1.5-3% of its ee 
age value at cruising speeds, flight altitudes of 10-12 km,; and ss: 
airspeeds from 300 to 500 km/h). ee 8 
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(France and England), the. "Drakon" (Sweden), and others ~— are even 
landed at such angles. “It is therefore considerably. more probable 
that a jet airplane. will be’ “flown in’.2. range approaching. condition 
II. This applies in, particular. to the’ flight of. jet ‘aircraft with : 
partial thrust , when | ‘the effort to make the most efficient use of 
the remaining thrust forces- the pilot,,to make directly for this 

flight’ condition, which is the’ ‘optimum from that point. of view. 


4, POSSIBLE STEADY- FLIGHT REGIMES WITH . UNBALANCED THRUST. 
SLIPPING pErene mee tONe pone : 

A ecouna: eet of. opens weiaced: to the pene muse ton of 
steady flight after partial powerplant ‘failure is concerned with 
balancing the aircraft in yaw and roll, i.e., compensating. the . 
moments that arise in such cases. Without solution of this prob- 
lem, further flight is impossible even if the thrust remaining at 
the pilot's disposal is adequate to overcome the aerodynamic drag. 


: Such a situation may arise, for example , when the engines 
-are located far abéam of the ‘airplane's center of gravity and rud- 
der effectiveness is’ simultaneously inadequate. 

In ‘the. ‘absence of a. forward’ velocity, the: moment that arises 
on failure of one of the: engines of a VTOL aircraft whose engines 
are comparatively far outside of the airplane's plane of symmetry 
can be. countered either by the use Of jet or gas’ vanes, which do 
not usually: have. ‘large: effectiveness. margins, or by cutting off 
(or reducing. appropriately)’ ‘the thrust of the failed engine's 
eae. on: ne. Lo casi side ,- ce taiean this naturally results. 


‘In this Bok: we shall confine Hupsenres to analysis of yaw 
and roll balancing in unbalanced=- thrust flight of conventionally 
configurated aircraft in normal | flight. with a forward velocity. 


Flight crews generally regard this problem as less complex 
than that of countering. the divergent ‘motion that follows immedi- 
ately upon - an engine failure. 


Genégrally— ‘spéaking, there are certain sounds for. this point 
of view, at least in ‘that’. it takes account of the element of sur- 
prise,,. which, as. .we know, is by itself probably the most :dangerous 
factor. Even in: steady | flight, howéver, roll and yaw balancing 
of the’ airplane may | involve certain cpmpst ce lone: 


First of all’, it must be “pemembered that the absolute value 
of the unbalanced-thrust moment acting on the airplane in steady 
flight may differ from that which ‘appeared at the’instant ‘of lat-~ 
eral-engine' failure.’ This .is because it is generally necessary’ 
to increase the thrust of the running engines after such a failure 
to maintain all or at least most of the initial flight speed, and 
to do so in such a way that the total thrust of the engines will 
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Figure 44. Increase of Unbalanced- | 


Thrust Moment M, é After Failure of 


One Engine: 1) Initial situation — 
balanced-thrust.flight at speed V, 
yawing moment My = 0; 2) starboard 


engine has failed, and a yawing mo- 
ment My = (Py + Q, ae has appeared; 


3) steady saris ih unbalanced 
thrust at initial velocity V, yaw- 
ing moment M, = (P + Q,)b = 2(P, + 


+ Q.,)b3 Py is the thrust of each 
engine in the initial flight condi- 


tion with full and balanced thrust; 


en is the drag of the failed en- 


gine; P is the thrust of the running’ 


engine in steady unbalanced-thrust 
flight. me: 


remain unchanged or even: 
increase somewhat to over- 
come ‘the drag of the out 
engine. . This pertains in 
particular to turboprop 
aircraft in the event that 
not only the engine, but 
also the feathering system 
fails. Thus, for example, 
the thrust obtained from 
each of the three remain- 
ing engines on the 11-18 
and An-10 aircraft after: /8 


... failure of one must be 50- 
. 60% higher than in flight 
‘at the same speed with the 


entire powerplant in work- 
ing order.. Figure 44 

shows - schematically the 
increase in the unbalanced- 


‘thrust moment in steady 
flight at the initial = 


speed as compared with 
the. moment that prevailed 
on failure of one of the 
engines. 


However, exceptions 


-.-...to: this rule are possible. 
Thus ; on multiengined air- 


craft having more> than one 


engine on each side, failure of one of them may be compensated 
fully or in part in many cases by increasing the thrust of the | 
running engines on the same side of the airplane' s plane of sym- 
metry, so that the unbalanced-thrust yawing moment will ‘be, if not 


cancelled, then at least greatly reduced (Fig. 45). 


For this, of 


course, it is necessary that normal flight at the particular alti- 
tude with the powerplant in full working order not require full 
thrust from each engine, so that a certain reserve remains for in- 


creasing it. 


Control of an airplane in steady flight with unbalanced thrust 
has a number of aspects. to which the pilot is not accustomed, some 
of which interfere directly with handling of the airplane. 


The following are most strongly elt ‘by the pilot: 


1) deflection of the rudder, in many cases through a subst ari- 


tial part of the available travel; 


2) pedal effort corresponding to this settee tion, although 
this can be fully eliminated with the trim tabs in steady flight 
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Figure 45. Compensation of Unbalanced- 
“Thrust Moment on a Multiengined Airplane. 
1)-Initial situation: Pi = P2 = P3 = Pa; 

BP Py eee Bs Py SOAP, MSOs 


ap) failure of No. 3 engine: P; = Py = P, 
EP = Py + Po + Py = 3P; M, = (PP sO” ..) 2 


3) thrust of ‘No. 4 engine increased by 
AP, = “ep + Qe yn) 2/21} P,; = Po3 ©P = Py + Po + 


+ P, Pf AP, = = 3p + (P + Q. 4) 2/213 M, = 0 


of almost all existing aircraft; /86 


3) deflection (rotation) of the control yoke, sometimes to 90° 


away..from neutral, with the result that certain inconveniences 
are encountered in operation of the manual controls, the aileron- 
deflection margin’ in one direction is reduced, and the view of 
some of the panel instruments is blocked. The yoke deflection 
from neutral is especially large for propeller aircraft, failure 
of one of whose engines gives rise to unbalanced wash’ of the wing 
surface. 


However, all of these factors complicating the work of the 
pilot are subject to wide variations depending on how the airplane 
is piloted in steady flight with unbalanced thrust. Moreover, as 
will be seen below, the use of various handling techniques may 
have substantial influence not. only on the convenience of control, 
but also on the airplane's aerodynamic drag and hence on the basic 
performance data characterizing. its. flight with partial and un- 
balanced thrust: speed range, rate of climb, ceiling. 


In principle, steady unbalanced-thrust flight can be accom- 
plished in many different regimes, which are characterized by var- 
ious combinations of the angles ‘of roll and slip. In all cases, /8 
however, the following conditions must be satisfied to ensure 
lateral balancing of the.airplane in steady flight: 


~J 
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YZ=0 $M,=0; $M,=0, 


Or in equatins: wa oh dimensionless coef= 
ficients, me 


et ctb ite to, | 
c "Bc, rg ae a =, 
mip-+m? rs, cp myat =O; , ) - . 6)" 
miptmy, + Mevan08 


where m,, ice is he coefficient of the? 


unbalanced-thrust yawing ‘moment ana 
Ms aaah is the coefficient of the roll- 


ing momént from the unbalanced wash over’ 
‘the wings (for Bropelleriess aircraft (061: 


mM = 0) 0 ¢ i 
X wash | « : 


Figure us Slipping The first aerequatvene or avetene 
SE Gd Oats pees cee (6) characterize the equilibrium of the 
Roll (vy = 5) airplane in the yaw plane — the same 
Y ; plane in which the symmetry of the oper- 
ating external forces and moments has 
been disturbed. These equations are 
satisfied by various possible combinations of the angles y and 8. 
Let us consider some of the combinations of greatest practical 
interest. 


Figure 46 shows the unbalanced-thrust flight condition“imost 
likely to be used by. a pilot without special training for rare 
under such conditions because it is the most nagural.. 


This condition is characterized by retention of the same 
poriaae attitude of the airplane as before the engine. failure, 
i.e., zero roll. 


However, it is easily shown that in this case, in contrast 
to balanced-thrust flight, zero-roll flight is possible only with.-:-: 
slip. a | | bs. ae | 


Actually, if we examine the .condition for equilibrium: of the. 88 
‘moments acting on the airplane about its: vertical axis, we quickly 

see that in order to counter the yaw due to application of the 
unbalanced-thrust moment M. , = oor st Q. n) 29° the pilot must deflect 


the rudder in the Beet een of phe Sines engines , thereby ereat-" 
ing a moment Ze. é equal in magnitude but opposed. in sign to’ the. 
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unbalanced-thrust moment. - 

Although it might seem that this would ensure lateral balanc- 
ing of the airplane, only the moments acting on the airplane about 
its vertical,axis have actually been compensated, and not the trans- 
verse forces acting on it. For example, the transverse force Z. 


due to deflection of the rudder.is at first totally uncompensated. 
Under the action:of this force, the airplane naturally acquires a 
certain lateral acceleration dV, /adt, 1.e., it begins to move in 


the direction of the out engine ony slipping if not by rolling. As 
the lateral velocity component V, increases, a lateral component 


Z of total aerodynamic ares avdices and begins to increase; it -will 
continue increasing until it is equal in magnitude to the lateral 
force generated by the rudder deflection, i.e., until not only the. 
moments but. also the transverse forces acting on the airplane have 
been brought into balance. 


‘However, since the lateral aerodynamic force Z is always ap- 
plied-not to the center of gravity of a directionally stable air- 
plane, but to a certain point between the airplane's center of 
gravity and its tail, this force generates, in turn, a moment 22, 
in the yaw plane, which acts in the same direction as the unbalanced 
thrust moment and-therefore aggravates the effect of the latter. 


Decrease in length of 
unbalanced -thrust arm 


rT etree 


a 
. 


Decrease in length of 
uabalaneed Uirust arm 


{ Oy , ; 
Figure ‘47. Positions of Later= “Figure 48. Lateral-Engine Posi- 
al Engines Corresponding to tions Corresponding to Converg- 
Divergence of the Lines of .. ence of Lines of pee Action 
'. Thrust Action from Flight Path.’ to Flight Path. : 


“To counter this additional moment, the pilot must deflect 
the rudder by a certain amount above .and beyond that. necessary to 
counter the unbalanced-thrust moment proper. ..in turn, this 


(en 


additional rudder deflection will cause some.increase in both the 
lateral velocity component Me and the lateral aerodynamic-drag com- 


ponent Z. As a result, equilibrium of the forces acting on the 
airplane in the transverse plane will be attained at somewhat 
larger values of both of these forces Zo, and Z and only then will. 


the regime of uniform straight-line ene i but slipping flight 
with unbalanced thrust be fully established, as shown in Fig. 46. 


If the engines of a certain type of airplane are mounted in. 
such a way that their thrust is not directed parallel to the air- 
plane's plane of symmetry, but forms a certain angle of decalage 
—E with it, the above considerations must be supplemented by taking 
this angle into account. It is easily shown that its influence. [89 
will be dual: firstly, it will change the arm at which the un- 
balanced thrust. acts, and, secondly, there will be a direct ef-. 
fect of the transverse component of running-engine thrust on the. 
airplane's lateral motion. 


As we see Paenniee: 47 and 48, both of these factors act in 
the same direction. (positive with the engines toed in) when the 
engines are mounted forward of the airplane's center:.of gravity - 
and will oppose one another when the engines are aft of the cen- 
ter of gravity. Incidentally, the influence of the angle of 
decalage is minor for the latter configuration as compared with 
such an important positive factor as the short arm of action of. 
the unbalanced thrust inherent to this configuration (owing to the 
positioning of the engines right alongside the fuselage tail sec- 
tion). | 


In either case, slip in the direction of the failed engine is. 
inevitable in unbalanced-thrust flight without roll. In analysis 
of the unsteady divergent motion that occurred immediately after 
lateral-engine failure, it was established that slip then occurred - 
in the direction of the running engine. But in this case — that 
of steady unbalanced-thrust flight without roll — we see that the 
opposite picture materializes. Accordingly, even the aileron de- 
flection required for such flight differs in magnitude and some- 
times even in sign from that necessary to counter the roll at the 
very instant of engine failure. Actually, the bank in the direc- 
tion of the failed engine was due to the action of the transverse | 
static stability moment M8 and, for propeller-driven aircraft, /90 


also by the action of the unbalanced wing wash moment My wane 


which has the same direction (toward the failed engine). In ad- 


w W) . | 
dition, the rotary-derivative moments 6 xy We and M x Wy) came into’ 


play in the presence of une: angular ieloetties of the lateral di-" 
vergent motion. 


In steady flight, these last two moments are naturally absent 


Owing to the fact that Os We = 0. The unbalanced-wash moment 
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may be diminished somewhat: after.feathéring of the propeller. on 
the failed engine —-as before, the propeller produces no wash, 
but it at least no longer. shades the. washed part of the wing sur- 
face. On the other hand, ‘the transverse- stability moment changes 
sign, acting against the slip in the direction of the running © 
engines. Hence the magnitude and direction of the aileron de- 
flection pig determined in this case ‘by the ratio of the opposed 
moments M ae and M,. eo ee 

The ailerons of.propellerless aircraft in steady unbanked 
flight with unbalanced thrust are almost always deflected toward 
the failed enetnes 


The rather large rudder deflection, together with.the un- 
balanced wash over the fuselage, -vertical tailplane, engine 
nacelles, and other parts of the airplane that are ‘inevitable 
in the case in point result in an increase in aerodynamic drag. 

As a result, the already limited thrust margin that remains after 
failure of some of the engines on the airplane is further reduced. 
However, both the aerodynamic-drag iricrease and large required 
rudder: deflection angles can be avoided by abandoning the unbanked 
flight that-is customary and natural to the pilot in-favor of an- 
other possible flight condition with unbalanced thrust:. with a 
roll in the Sere cyan = the) running ene? 


5. ROLLING FLIGHT WITHOUT SLIP. REQUIRED: ROLL ANGLE 


A lateral component G sinyof the force of gravity, directed 
spanwise along the body axis z and applied to the airplane's center 
of gravity, arises in unbalanced-thrust flight with a small roll in 
the. direction of the running.engines, as shown in Figs. 49 and 50. 
If the roll angle is so adjusted that the absolute magnitude of 
this component equals the lateral:aerodynamic force arising from 
the rudder deflection, the factors giving rise to a lateral velo- 
city component and hence to.slip will be absent. Indeed, as is 
shown in Figs. 49 and 50, although the airplane flies banked in 
this case, there is no:‘slip.:. Here the required rudder deflection 
angle and, consequently, the “magnitude. of the force. Zon will be /91 


smaller than in the preceding case, because this pokes will have 
to generate the moment necessary to counter only the unbalanced- 
thrust moment, with no increments due to the moment of the lateral 
aerodynamic force Le 


Calculations indicate ake poi is a more efficient way of 
generating a lateral force than slip. If, for example, the later- 
al weight component G.sin y necessary. to balance the force Ze is 


attained at a roll angle y = 3°-5°, the lateral aerodynamic Ponce 
Z of the same magnitude requires a slip angle B = 6°-8° on a con- 
ventionally configurated airplane in unbanked flight. 
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Figure 50. Compensation of 
Lateral Aerodynamic Rudder” |. 
Force Z, by the Lateral Com- 


ponent a sin ‘of the Force 
of Gravity in Rolling Unbal- 
anced-Thrust: Flight. 


The size of the roll angle 
needed for-unbalanced-thrust  : 
flight without slip can be de- 
-termined-as follows. As we.-.: 
have shown, directional equi-'-. 
librium of the airplane is.~« -- 
ensured in this case. by equi- 
librium between ‘the unbalanced= °°’: 
thrust and ete GCne GC euceer 
moments , i.e. ae 


Figure 49. Zero-Slip (8 = 0) 
Unbalanced-Thrust Flight with 
a Roll Angle (y # 0). . 


(P+ Qoy)2 = Bly ge 


| But, as we see from Fig. 50, equilibrium of the lateral 
forces acting on the airplane requires observance of the equality 


f= G sin y. 


Substituting the value of Z_, into the first of these formulas, ... 
we obtain : ae 


(P+Q.,) z=Gsinyl, ¢, | 


whence 
P+Qen\ Zz _ Ts 
; ; yt’ . (7) 


sin y= 
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TABLE 3 VALUES OF THE ROLL ANGLES y RE- 
QUIRED FOR NONSLIPPING UNBALANCED-THRUST 
FLIGHT 


Number of Non- 
running Engines 


Nonrunning _ Angle 
Engine Pro- 


Type of Air- 
plane 


Dela e Sset- 


1 Tu-104, Tu- One 0 
124, Tu-134 | ° 
2 T1-18,.An-10 | One inboard Feathered 055 
3 Same - | Same... 7 - Windmilling . 1.5; 
hy Ae | One® outboard Feathered “' | 1.0 
5 We oe ‘Same 3 Windmillineg 2.5 
‘ Pe | “Two :on same _ Feathered | 2.5 
side a ae [ae 
ae _ .| Same Windmilling |-.. --6 
8 An-24 ss. - | Ones 7 Feathered _ 1240 


Notes. 1. In all cases; the calculation was made for cruis- 
ing speed: and -an average. in- -flight weight (full payload and 50% 
of normal .fuel ‘reserve). 

2.. The running eaeine sg: are. assumed to be working at. the same 
settings, Which support: partial-thrust flight at cruising speed. 

3. -The ‘required ’roll angle values obtained have been rounded 
off to the nearest half. degree.« 

4, Level flight is, as a rule, inpossible for the case of 
line 7, and the roll angle given corresponds to flight without 
Slip, but with loss of altitude. 


This Simple formula can be used to calculate the roll angle 
required for nonslipping unbalanced-thrust flight. 


As the calculations show 5, this angle is quite small, ranging 
from 0. 5 to 3°, ‘for most present day aircraft in realistic un- 
‘balanced- thrust flight modes. Table 3 gives the roll-angle values 
for unbalanced- thrust cruising flight of several passenger air- 
craft. 


There is one misconception that sometimes appears in analyses /93 
of the influence of roll on the aerodynamic forces of an airplane 
in unbalanced-thrust flight. It reduces essentially to the idea 
that since the vertical component of lift (that directed along 


the line of action of gravity) is equal“to Y cos y, it will be 
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somewhat smaller in banked. flight than in 
unbanked flight. and the pilot must have to 
increase the. angles of attack slightly in 
order to ensure equality of the absolute 
values of lift and the weight of the air- 
plane, which is. necessary to maintain level 
flight. This, in turn, results in a corre- 
sponding increase in the aerodynamic drag 
that will hardly be smaller than that which 
has been avoided by eliminating slip in poor 
of roll. — 


It is easily shown that these considera- 
Figure 51. Equi- tions are in fact in error. As we see from 
librium of Lift Fig. 50, the weight of the airplane is off- 
Y. Wetcht G 4 set in this case not only by lift, but also 
d E imag by a component of the lateral aerodynamic 


rae ae force of the deflected rudder. In other 
ie soe - words, equilibrium is ensured by the force 
orce 42, in triangle Y-G-Z , (Fie. 51). The larger the 


Banked Unbal- 
anced-Thrust roll angle, the greater the fraction of the 


Flight without weight taken by the force Z, and, according- 


Slip: Y/cos y = ly, the smaller the Bcetiten taken by wing’ 
= 72 /sin y = G. lift. In banked flight, the latter offsets 
¥ ] only the weight component in the airplane's 
plane of symmetry. Hence ‘the amount of lift 
required in straight-line banked flight is smaller than in un- | 
banked flight and equal to G(l-cosy). To develop this force, it 
is necessary to reduce the angle of attack accordingly. Conse- 
quently, the aerodynamic drag will also be smaller in banked 


flight with a roll corresponding to the condition G sin y = Zn. 


than in any other case of unbalanced-thrust flight. 


The above is compounded by the fact that for certain air- 
craft configurations, e.g., in low-wing designs, the lift is found 
to be smaller:in the presence of slip than in the symmetrical-wash 
case at the same angle of attack. 


Thus, zero-slip unbalanced-thrust flight with a roll angle 
has certain advantages over the case analyzed previously -— that 
of flight without roll but with slip — as regards both the addi- 
tional aerodynamic drag that develops (and hence more economical 
utilization of the remaining power margin) and the required amount 
of rudder deflection. 


6. FLIGHT WITH SLIP AND ROLL TOWARD THE RUNNING ENGINES. REQUIRED /94 
RUDDER DEFLECTION. COMPARISON OF VARIOUS UNBALANCED-THRUST- 
FLIGHT PROCEDURES 


In certain cases, interest attaches to one more possible 
technique for straight-line unbalanced-thrust flight — that 
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with roll and slip in the direction of 
the running engines. Figure 52 illu- 
strates the basic parameters of such 
flight. We see that since there is a 
Slip angle in this case, the lateral 
aerodynamic force Z again inevitably 
makes its appearance. Now, however, 
this force is directed not toward the 
running engines, but toward the out en- 
gine. Consequently, the moment that it 
sets up in the yaw plane about the air- 
plane's center of gravity acts not in 
the direction of the unbalanced-thrust 
moment, but in the opposite direction —- 
the direction in which the deflected- 
rudder moment acts. 


In other words, the lateral aero- 
dynamic force does not tend to increase 
the unbalanced-thrust moment in this 
case, but helps counter it and is there- 
fore transformed from an "enemy" to.a 
"friend" of the rudder. As a result, | 
the required rudder deflection angle is 
found to be even smaller than in banked 


Figure 52. Unbalanced- 
Thrust Flight with 


0 a Slip 
ene Maecenas nm (p # 5) Ah Blog . 
It should be noted that the amount Running Engines. 


of rudder. deflection in steady un- 

balanced-thrust flight is not as impor- 

tant from the standpoint of pilot effort at the pedals as it was 
in the case of countering the divergent motion at the instant of 
engine failure, since this effort can almost always be relieved 

by use of the rudder trim tab or another mechanism with the same 
function. 


Independently of the above, however, the required rudder de- 
flection angle is of independent interest for two reasons. Firstly, 
deflection of the rudder tends to increase the airplane's aero- 
dynamic drag and, secondly, separation of the flow past the rudder 
1s possible at very large deflection angles, and this, in turn, /95 
sharply lowers the effectiveness of the vertical tailplane and 
may, in some cases, lead to vibration — separation-induced shak- 
ing of the buffeting type. Finally, the required rudder deflec- 
tion angle may, in certain cases of flight, simply be larger than . 
the maximum possible (one such case will be analyzed below, in 
Chapter IV). 


It is desirable in light of the above factors to find reli- 
able methods of reducing the required rudder deflection angle in 
unbalanced-thrust flight. Among these methods, flight with roll 
and slip in the direction of the running engines is most reliable 
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and’ easiest of-execution: . For ex- 
‘ample, this technique makes it pos- 
sible to ensure directional balanc- 
ing of the airplane in straight-line 
flight at low speeds, when rudder 
effectiveness is down sharply -and 
the balance between the disturbing 
: ) and restoring moments’ changes 


for the worse. 


flight 


Figure 53 shows the required . 
rudder deflection and slip angle as 
functions of roll in flight with .. 
balanced and unbalanced thrust. The 
solid lines correspond here to.thrust 
symmetry, and the dashed lines to | 
the unbalanced case. 


Points 1, 2, and 3, which cor- 
respond to the three characteristic 
cases of steady unbalanced-thrust 
flight analyzed above, are marked on~ 
~Roll to left ° "Roll to right = * the latter. ; | 


If the roll continues to in- . 
crease in. the direction of the run-.. 
ning engines, the required. rudder 


Figure 53. Required Rud- 
der Deflection Angle 6. 


~~ 


and Slip Angle 8 as Func- deflection will become even smaller. 
tions of Roll Angle y in And, finally, at a certain roll 
Flight with Balanced and angle, the airplane will be able to . 
Unbalanced Thrust. 1) Slip- fly with unbalanced thrust in a 

ping flight without roll; straight line with the rudder. in. 


2) rolling flight. without its neutral position (point 4). At 
slip; 3) flight with roll some still larger roll angle toward 


and slip; 4) flight with the running engines, it would be. 

roll and with slip in .necessary to deflect the rudder tom 
neutral position of rud- ward the failed engine instead of the 
der. running ones in order to hold to a 


straight-line course. However, such... 
regimes are of no practical impor- 
pence being unfavorable from all points of view. 


The possible piloting techniques for an aircraft in steady | 
flight with unbalanced thrust différ superficially from one another 
only by a few degrees of roll. Looking at the airplane from the. 
side, it would almost impossible to determine which of these pilot- 
ing techniques had been chosen by the pilot. However, these few . 
degrees are extremely important, since they result in substantial 
differences in the handling of the airplane and even its. perform- 
ance data. 
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By. way of illustration,. we Cite.the.example of the heavy 
four-engined An-22, for which a one- degree roll-angle change re- 
sults in.a-:25-30- -kef hange in required pedal effort in euler 
line mat neces. thrust flight. ; 


We can therefore formulate ene baste advantages and disad- 
vantages of the various methods of handling an airplarie | in 
straight-line flight with unbalanced thrust. 


1. From the standpoint of obtaining the lowest possible | 
aerodynamic drag and, consequently, the smallest sacrifice of 
aircraft performance, the flight regime with roll but without slip 
is the optimum. Deviations from this ‘condition, especially in 
the direction of smaller roll. angles, give rise to a drag incre- 
ment and a loss of performance that ‘are sometimes of. decisive im- 
portance in spite of their small-absolute magnitude (for example, 
when there is a question of the possibility of maintaining the 
required altitude, not to mention the very possibility of continu- 
ing flight). 


2. The amount of rudder deflection necessary to fly ina 
straight: line diminishes with increasing roll angle toward the 
running engines.- 


3. The most natural pilot posture, or at least the most 
familiar ‘one, and, as will be shown below, the most natural in- 
strument readings are obtained in unbanked flight with the slip 
that inevitably arises in this case. 


The question as to which piloting technique should be re- 
garded'as the optimum in unbalanced-thrust flight has been dis- 
cussed on more than one occasion in the specialized literature. 
Different authors have voiced preference for different techniques, 
attaching varying degrees of importance to the advantages and dis-— 
advantages of each technique as stated here. Thus, the present 
author has repeatedly spoken out in favor of banked flight with- 
out slip. Other investigators, while recognizing the: advantages S97 
of this technique, still feel that it "requires a great deal of 
skill from the pilot" [2]. Another: argument that has been ad- 
vanced — though only in reference to the I1-14 airplane — is that 
"this method, though acceptable, is more complicated than flying 
with Zero roll and a small amount of slip. In instrument flying 
in clouds, maintaining speed by artificial horizon in banked flight 
requires additional pilot attention" [11]. We should note that 
this last argument is disputable. As was shown above, the re- 
quired roll angle for nonslipping flight is so small that it can. 
hardly interfere with normal perception and correct evaluation of. 
the artificial-horizon readings, especially in pitch. In addi- 
tion, the amount of slip in zZero-roll flight with unbalanced 
thrust does not depend on the will of the pilot, and there is no 
guarantee that it will be possible to get by with "a small amount 
of slip" in all cases of flight if this piloting technique is used. 
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Thus, while there is a certain amount:of disagreement on this 
question, we are inclined to the view that they are. only apparent.. 
It is evidently impossible to arrive at a..single piloting tech—- 
nique that will be the universal optimum in all possible cases of 
unbalanced-thrust flight: It would be to-our advantage to, choose ..- 
a flight regime for the particular airplane under. the. particular 
conditions, using as a basis eS critical factor among those -en- : 
umerated above. : bags, Se sets 


TUS <5, Ih the engines are SO positioned.. on ah airplane that 
the unbalanced-thrust moment set up by failure of-one of-them.is |... 
relatively small, if the power margin fully-supports level. Steno Wa 
at the necessary altitude with adequate speed, if the,rudder is. ie 
effective enough, and if the pedal effort-.is fully relieved with 
the trimmer, then unbanked flight is acceptable, and the comfort- -, | 
able customary pilot posture and instrument readings can be pre- 
served. This applies, in particular, to such aircraft as the 
Tu-104, Tu-124, and Tu-134, as well as to the I1-18 and 11-62. with 
inboard-engine sania, to the British de Havilland "Comet ," and_ 
certain others. a tg et 


If, however, the airplane’ Ss. power margin is small and it is. 
difficult to maintain level flight with partial thrust at the 
given altitude, it is more “expedient to aoe with a roll: angle 
and no slip. | as 


Finally, if the atin sii eee iced margin is. the critical 
element, as was the case, for example, on certain types of. air- 
craft when they were throttled forward during landing approaches 
with unbalanced thrust, it is best to use larger roll angles that. 
cause slip-toward the running engines and thereby provide an in- 
crease in rudder-deflection marge en. so, ns 


Other factors may assume a similarly decisive role for the /98 
same airplane in different stages of. a flight and at different 
altitudes. Thus it is by no means always possible, even for a es 
given type of airplane, to give a single recommendation for pilot- .. 
ing with unbalanced thrust. For example, in the case of the same 
T1-14 airplane, both the power margin and the rudder-deflection — 
margin permitted zero-roll flight without having to deal with 
slip in cruising flight at moderate altitude with the propeller 
of the out engine feathered. However, on an engine failure during 
a climb at low speed (immediately after takeoff),.when the running 
engine is already operating at maximum power and, consequently, : 
generating its maximum unbalanced-thrust moment, rudder-deflection © 
margin emerges as the critical factor. If flight is continued with 
no roll angle, the rudder margin may be inadequate to keép the 
machine from yawing. Consequently, the correct recommendation, 
which is found, for example, in A.I. Okhonskiy's paper [11], is to 
roll the airplane 5°-6° in the opposite direction at the instant 
of engine failure’ and by 1°-2° during the steady climb that fol- 
lows. 


By 


Even on an airplane like 
the Tu-104, for which the thrust 
inbalance that:arises on fail- 
ure of one of its engines is- 
comparatively smali and it is -: 
unnecessary to bank in the di- - 
rection of the running engine at. 
most stages in a flight, 3-4° of 
roll on an engine failure im- 
mediately after'takeoff in-'. 
creases the rate of climb ‘by |= 
more than one m/sec as compared 
to zero-roll flight — thus ~ 
facilitating clearance of ob-: 
stacles and helping the pilot 
reach a safe’ altitude sooner. 


In writing recommendations 
for the handling of.each specif-. 
ic type of aircraft, it is neces- 
sary to give instructions for 
controlling the aircraft in: un- 
balanced-thrust flight with” 
specific identification of 
the flight conditions (altitude, 
speed, number and locations of 
out engines, propeller-blade 
settings for these engines, 
etc.) in which flight may be 
continued at zero roll and to 
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specify regimes in which a bank.is.necessary to. ensure zero-slip 
flight and those in which it is necessary to bank the aircraft to 
produce slip in the direction of the running engines. 


The changes in the airplane's total aerodynamic drag coef- 
ficient and those of five of its basic components in unbalanced- 
thrust flight with various angles of roli..and slip are shown 


schematically in Fig. 54. 


The first, the initial drag Cc 


perence thrust flight. 


x in? 


corresponds. to normal 


The second component is: the drag increment of the out engine, 
Ac - The figure indicates that this component is relatively 


x en 
small. 


And when we are concerned with the aerodynamic drag of a. 


nonrunning turbojet or turbofan engine, or even that of a turbo- /9 
prop engine whose propeller has been feathered, this quantity 


is indeed comparatively small. 


However, it mus t be recalled ° 


once again that if for some reason the propeller of a failed en- 
gine on a turboprop airplane has not been feathered, the drag 
increment that it generates will be very large (commensurate “with 
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the initial aerodynamic drag of the entire airplane). 


The third component is the increment Ac, , due to the addi- 
| ie wee _* 
tional aileron deflection, which,.in turn, arises from the need to 
counter..two types of transverse moments that’ arise in unbalanced- 
thrust flight: 


a) the moment of lift imbalance that appears on propéller- 
driven aircraft owing to the removal of wing wash in the zone of 
the out engine; Sc 
b) the transverse stability moment. 


The first of these quantities is practically independent of 
the angle of roll, while the latter is functionally related to 
this angle: via the angle of slip. 

me ee component is the drag increment due. to’ ‘slip (cross-. 
wash), x B° 


The fifth component is the drag increment Ac, , from the de- 
' r 
flected rudder. This component naturally depends on the rudder. 
deflection angle necessary for flight at the Panereulee: angie of’ 
roll. 


We see from Fig. 54 that the regime corresponding to minimum /100 
aerodynamic drag and that corresponding to zero slip resemble:one' 
another quite closely. Strictly speaking, however, the angle of 
roll at which the former is attained is somewhat larger than for 
the latter. The reason is that although the fraction of drag due 
to crosswash (slip) reappears and begins to increase when the 
angle of roll is increased beyond Yg=q? there is at the same. time 


a continued decrease in the fraction of drag due to the rudder de- 

flection. In a certain very narrow range of angles of roll, the 

decrease in Ac, 5 is found to be more effective than AC a: This 
] Ny ‘ 


is also why the Cy regime is shifted with respect to the B = 0° 


min 
regime. However, “this shift is so small that these two regimes 
may be regarded as practically identical, and either can be re- 
sorted to in any case in which the airplane's performance data 
(vertical velocity, level-speed range, etc.) are at their limits. 


Needless to say, the performance gain attained by zero-slip 
nonrolling flight is very modest in absolute magnitude. But if 
the question is one of the very possibility or impossibility of 
continuing flight or one of entering or avoiding the dangerous- 
altitude zone, then even an extra 0.3-0.5 m/sec of climbing rate 
or an extra 10-15 km/h of speed range may be decisive. | 
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To illustrate this last point, we might cite certain two-en- 
gined aircraft of the Second World War for which opinions differ- 
ed as to their capacities for one-engine-out level flight. The 
Pe-2 and I1-4 were examples of such aircraft.* Needless to say, 
other factors of an objective nature may also have been in opera- 
tion, such as individual differences between engines and aircraft 
and ambient-air-temperature differences in particular. In colder 
alr, the engine that kept running would, all other conditions the 
Same, develop a higher power output. In addition, the louvers of 
its cooling system could be closed down farther than in flight in 
warmer air. As a result, the same airplane could fly on one en- 
gine in winter, but not in summer. However, all conditions equal, 
including equal air temperatures, some pilots could fly these air- 
craft with one engine out .and some could not. There is no doubt 
that the basic reason for these differences should be sought in 
the ability to utilize modest resources — primarily by applying 
a procedure as simple but effective as rolling in the direction 
of the running engine. These few degrees of roll frequently de- | 
cided the question as to whether flight could or could not be con- 
tinued. 


In many cases, utilization of these small reserves makes it 
possible to gain several, hundred meters of ceiling altitude with 
the powerplant in partial operation, and this, in turn, makes it 
possible to avoid entry into a zone of congested cumulus clouds, 
high turbulence, or other dangerous phenomena, especially if the 
airplane is flying in a vertical- ‘Separation Scheme. In this case, 
the gain of these few hundred meters may mean gaining a whole 
interval between two levels of like direction, which, for example, 
amounts to 2-km at the operating altitudes of modern aircraft 
(H > 9 km) (Fig. 55).- 


7. INDICATION OF SLIP IN FLIGHT WITH BALANCED AND UNBALANCED 
THRUST 


As we have shown, the sign and magnitude of the slip strongly 
influence the characteristics of steady flight with partial and 
unbalanced thrust. The question naturally arises as to the indi- 
cation of this extremely important parameter of.the airplane's 
motion. It is customary to assume that. the existence and direc- 
tion of slip can always be judged by reference to an instrument 
designed specifically for this purpose — the slip indicator in- 
cluded among the pilot's equipment of every airplane, usually in 
unit with a turn indicator or artificial horizon (Fig. 56). 


*It is difficult to give examples of aircraft of more modern de- 
sign because all presently existing two- and multiengined aircraft 
are distinctly capable of prolonged level flight ae fewer than 
all of their engines in operation. 
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Figure 55. Diagram of Level 
Assignment in Motion of Air- 
plane. 1) Ceiling of air- 
plane in flight with full 
thrust (optional level 
Hiz000)3 2) ceiling of air- 
plane in flight with un- 
balanced thrust, 6 = 0, 

y # 0 (optional level 
Hesoo); 3) ceiling of air- 
plane in flight with un- 
balanced thrust, y = 0; 

B # 0 (descent to level 
H7200 is mandatory). 


The slip indicator is an 


Slip indicator combined with 
turn indicator. Straight-line 
flight with slight bank to the 
right. 


Slip indicator built into arti- 
ficial horizon. Coordinated 
turn to the right. 


Figure 56. Slip Indicators (a) 


and Diagrams of Forces Acting in. 
the Transverse Plane on the Slip- 
Indicator Ball (b) and on the 
Airplane as a Whole (c). 


arc of tubing in which a metal ball is allowed to shift back and 
forth freely. The tube is filled with a special fluid to damp 
small random oscillations of the ball. 


In straight-line zero-roll flight, the ball assumes a central 
position in the tube. This position is usually bracketed by 
special marks that form the so-called "“pocket."-. It is assumed 
that when the ball is in the "pocket" there is no slip and, con-. 
versely, that the ball can leave this position only in the pres- 


ence of slip. 


In reality, however, the position of the ball de- 


pends not on-slip, but only on the lateral load factor ng acting 

on the. airplane, which is not related to slip in the general case. 

As a result, the slip-indicator readings are not reliable in all /103 
flight cases. Thus, as we have said, slip is inevitable: in 
steady-state unbalanced-thrust flight with zero roll, but the in- 
diator ball remains in its central position, i.e., it gives no - 


slip indication. 
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To understand the causes of this phenomenon and to put pre- 
cise limits on the list of flight cases in which.the slip-indica- 
tor readings are unreliable, it is necessary to consider the re- 
lations to which the operation of this set Eenene is subject. 


The motion of the slip-indicator ball and the motion of the 
airplane as a.whole alongits transverse axis z are determined by 
the respective equations | 


Gyysin vars a cos y=0; 
: (8) 


where the subscript a applies to the airplane and b applies to 
the instrument ball. 


As we.see on comparing these equations, the lateral dis- 
placements of the airplane and the ball are.subject to the iden- 
tical laws in the absence of an unbalanced transverse aerodynamic 
force Z (or one that is balanced by forces of nonaerodynamic na-— 
ture), so that a deflection of the ball from the plane of sym- 
metry is a reliable signal indicating slip. This situation ob- | 
tains in flight with symmetrical thrust. However, in the presence 
of a force Z, as is typical of unbalanced-thrust flight, the 
identity of the above two equations is violated, with the result 
that the relation between slip and indicator-ball deflection from 
neutral also breaks down (see Fig. 56). 


The position of the slip-indicator ball is determined only 
by gravity and the inertial forces applying to it. No other 
forces, and no aerodynamic forces in particular, act directly 
on the ball. In the aforementioned case of unbalanced-thrust, 
zero-roll flight, the transverse component of the ball's weight, 
which could deflect it from its central position, is absent be- 
cause there is no roll, and inertial forces are absent because 
the airplane is flying in a straight line, i.e., without lateral 
accelerations. As a result, there is no cause for the ball to 
leave its central position. 


Conversely, if an airplane-is flying with unbalanced thrust 
and no slip, but with a roll, then despite the absence of slip, 
the ball will leave its central position in the direction to which 
the airplane is banked, since it will be acted upon by the totally 
uncompensated transverse component of its weight. Again in this 
case, therefore, the slip-indicator readings will not reflect. 
reality. 


It must be stressed that all of the above applies only to 
steady flight, i.e., flight without rotation around the vertical 


89 


axis. But in the first instant of divergent motion following’ ; 
failure of one engine, the ball deflects on inertia; as soon as ° 
straight-line flight is restored, however, it returns ‘to a posi- 
tion determined only. by the presence or absence of a bank. 


The presence of an uncompensated lateral aerodynamic force 
component is a convenient criterion for the reliability of slip- 
indicator readings. In fact, as we have shown, the motion of the 
airplane as a whole along the z axis in symmetrical-thrust flight 
is subject to the same relations as the motion of the ball, and.°- ::.:. 
if the latter has left its central position, it has done so only - an 
as a result of action of the Z component on -the airplane (but not. .* 
on the indicator ball). This component may.be either totally un-"' 
compensated or compensated by a force of different, nonaerodynamic 
nature. In either of these two cases, however, the slip-indicator 
ball will be deflected from its central position under the action 
of inertia or gravity, respectively. In practical flying this: ; 
situation generally arises in slip. Therefore the pilot's. habit: ' 
of judging the presence and direction of slip from the oe senaoer i, 
tor ball is fully justified. | ae 


The case of slipping Flight with unbalanced thrust and zero 
roll is one of the exceptions. , Here, lateral equilibrium of the 
forces acting on the airplane in its transverse plane is attained 
through the interaction of only the aerodynamic forces: Ze = Z. 


Consequently, the resultant lateral component of the ‘aerodynamic’ 
forces is zero and the ball remains centered despite the slip. 


The case of zero-slip banking flight with unsymmetrical 
thrust is also an exception from the general rule; in it, the 
lateral aerodynamic force Zs is. compensated by the nonaerodynamic, 


lateral component of ‘the oA eieet S weight G sin Y ane ag ball 
is deflected. even though there is no slip. 


Thus,. a Senet proposition can be stated: the slip-indica- 
tor ball is deflected from its central position when the eae 
is acted upon by a lateral: aerodynamic-force. component. 


In balanced-thrust flight, this is possible -only. in the on 
ence of slip; hence the action of a slip indicator based on this 
principle. 


In unbalanced-thrust flight, the relation- between the opera- 
tion of the transverse aerodynamic. force and.the presence of slip : 
breaks down and , consequently, the slip-indicator readings:,become /105 
unreliable. 


We should add that everything said above.concerning the 
slip indicator and the action of various forces. on it in flight 
also applies to the human body, which is acted upon, like ‘the eS oa8 
entire airplane, by the forces of gravity and inertia but, unlike °.-- 
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the airplane, is not acted upon 
directly by aerodynamic forces. gi F 
Hence the subjective perceptions vee | 
of the pilot in unbalanced-. : 
thrust flight are just as decep- 
tive as the slip-indicator read- 


ings. Slip indicator flex- 
ible element 

In steady zero-roll flight 

With slip, the pilot will not ™ 

physically sense this slip, and 

conversely, in flight without 

slip but with roll, the pilot's 

body will sense the action of Figure 57. Diagram Illustrat-— 

the lateral component.of its ' ing Action of Flexible-Element 

Own weight. This last fact ‘Slip Indicator in Outside Air- 


would appear to explain the stream. 
adiffident attitude of some 

pilots toward the above analy- 

Sis of the parameters of un- 

balanced-thrust flight, the results of which indeed do not recon- 
cile at once with either the subjective perceptions of the pilot 
or the readings of such a common and, it would appear, reliable 
piloting instument as the slip indicator. | 


We may eonidéuae from the above that some. other device whose 
Operation is based on principles that do not become invalid in 
unbalanced-thrust flight should be used to indicate slip in that 
case. 


Of such principles, the most dependable and natural is direct 
determination of the direction of the oncoming airstream with the 
aid of weathercock- or flexible-element devices (Fig. 57). Apart 
from their extreme simplicity and consequent high reliability, the 
advantages of such devices also include the fact that they permit /106 
not only establishment of the very fact of slip and its direction, 
but also measurement of the slip angle.. In many cases, this last 
fact may be extremely helpful, for example, if a certain maximum 
Slip angle that may not be exceeded in normal Spereksen has been 
established for the particular type of aircraft. 


The disadvantages of indicators of this type include the fact © 
that they indicate the direction not of the free stream, but of 
the stream flowing: past the aircraft at the mounting point of the 
weathercock or - flexible element. This makes it necessary to cali- 
brate them and space the markers on their scales accordingly. 


One might suggest the development of yet another type of in~ 
dicator that would be useful in unbalanced-thrust flight, namely: 
special indication of the roll angle required for zero-slip Plight 
(unless, of. course, the slip ‘angle is indicated directly). However, 
Such devices have not as yet come into practical use. | 
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Pilot presses 
‘Tight pedal 


, eee ere 
Roll to left \ Roll to right’ r 


. Pilot presses ° 
left pedal 


Figure 58. Rudder-Pedal 
Effort Po as a Function 


of Roll Angle y in 
Straight-Line Flight. 
with Balanced and Un- 
balanced Thrust. 


After the~-unbalanced-thrust 
flight regime has been stabilized and 
the rudder has been set to its final 
position, the pilot usually uses the 
trim tab to cancel the effort neces- 


sary. To. hold it in this position. 


Subsequent variations of this effort 


can also be used as a means of monitor- 


ing maintenance of the roll angle re- 


quired for the selected - ‘flight regime.’ 
-On-most modern aircraft, a minute 
change’ in this angle usually generates: 


appreciable rudder forces (if, of 
course, the pflot is holding the air- 
plane in’'straight-line flight). A 
1°-2° change in roll. anglé increases © 
the -rudder-pedal : effort by tens of 


kilograms. This is the case in flight” 


with both balanced and unbalanced 


‘thrust (Fig. 58) and can‘be used as 
Qa secondary | ‘criterion of steadiness of 


flight. 


. ro 


Such an additional criterion be- 


comes necessary, for example; under the conditions of instrument 
(blind) flying, when holding ‘the aircraft at the small roll angle 
necessary for zero-slip unbalanced-thrust flight (1°-3°) with the 
necessary accuracy is made very difficult by thé inaccuracy on | 
the artificial-horizon readings in this angle range. 


Once the roll necessary for zero-slip unbalanced-thrust 
flight has been established, therefore, it is advisable to main- 
tain it thereafter by reference not only to the visible natural 
horizon or the artificial horizon, but also by the absence of ~ 
changes in the pedal effort required to hold a constant heading. 
Actually, this criterion is used subconciously by pilots in or- 
dinary straight-line balanced-thrust flight, with the difference 
that the amount of roll required is zero in this case,’ instead 
of the nonzero value in unbalanced-thrust flight.- 


8. NAVIGATION ELEMENTS OF UNBALANCED-THRUST FLIGHT 


In unbanked unbalanced-thrust flight, the handling difficul-- 
ties described above are compounded by certain peculiarities | = 
the matter of aerial navigation. 


Navigating difficulties encountered in unbalanced-thrust 
flight have been reported on more than one. occasion by oie 


navigators [17]. 


The familiar formula 
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/107 


Pa, “CR Errol ay td + AC, 


: 


which connects the compass course (ce) to the direction of ‘flight, 
i.e., to thé course angle’ (CA), acquires , in addition to the quan- 
ties determining the - differences between the values of these 
angles (the compass” deviation A. ae the magnetic declination An at 


the position of . the. aircraft, oe the angle of crab AC due es the 
wind), . one more term: the value of the angle of crab due to slip. 
It is. possible tO introduce. the value of this angle into the navi- 
gator's calculations in order to.correct them appropriately after 
transition from balanced-thrust. to unbalanced-thrust flight only 
if the airplane has quantitative slip -indicators. Otherwise, it 
is necessary to make. an:in-flight..determination of the crabbing 
due to slip by. ordinary navigating -methods, i.e., in the same way 
as the wind drift is determined.: In practice, the. navigator may 
not even resolve the.above two components: and perceive the slip 
crab as a corresponding change in the lateral wind component. 
However, it is necessary that the, crew recognize beforehand that 
this arbitrary resultant quantity, which incorporates. lateral 
drifts due to two fundamentally different factors, must. change on 
possible subsequent changes in the degree of thrust imbalance, 
and sometimes even reverse its sign. 


In performing aerial- navigation. calculations for unbalanced- 
thrust zero-slip flight, it becomes necessary ‘to apply corrections /108 
‘to the readings of ‘the conventional (not the distant-reading) mag- 
netic compass. owing to the errors that arise wnen its card is de- 
flected out of the horizontal. plane. 


With such deflections, the compass readings are influenced 
by the vertical component .of the earth's magnetic field. The 
errors that arise then are larger the. larger the angle of roll 
and also the higher the latitude at which the airplane is flying,. 
since the vertical component. of the magnetic field increases with 
increasing latitude. 


When a distant-reading compass. is used, it becomes unneces- 
sary to apply such corrections, since the inductive transducer on 
which the sensitive element of this type of compass is mounted is 
an electric gyroscope the vertical position of whose spin axis is 
automatically corrected. The sensitive element of the compass is 
Suspended on the frame of .the gyroscope and, in virtue of the 
gyroscope's action, keeps its plane horizontal irrespective of the 
aircraft's angle of roll. 


9. MANEUVERING IN FLIGHT WITH PARTIAL: AND UNBALANCED THRUST. TURNS 
IN THE DIRECTION OF .THE RUNNING AND NONRUNNING ENGINES. VARIA- 
TION OF FORWARD FLIGHT SPEED. INFLUENCE OF THRUST IMBALANCE 
ON LONGITUDINAL STABILITY AND BALANCE 


The execution of turns in flight with partial and unbalanced 
thrust has been treated differently in different investigations. 
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Some of the flight manuals presently in effect state that 
turns should be made in unbalanced-thrust flight only in the 
direction of :the running engines in the interests-of ee safety. 


It appears that there was some justification for this eiewe ee ae 
at earlier stages in the development of aviation, when aircraft ‘ 
had comparatively small power (thrust) margins and inadequate rud-.™. « 
der-effectiveness margins. Moreover, the aircraft in use’were ~© -:F4" 
predominantly propeller-driven types having their required-power? ..°.-s 
minima at angles of attack near the economy value. In partial- «= °*-: 
thrust situations, therefore,’ such aircraft were usually flown at 
(or quite near to) precisely this angle of attack, which. provided 
for retention of the small power margin that remained at the ~ i 
pilot's disposal in such cases. As we know, when the airplane’ was” 
banked, the angle of eas of ane ‘dropped wing increased. aarti 
(see Fig. 22).. 


For the above reasons, it was necessary to take care not to. ar 
approach. the separation range in banking toward the out engine.: ../109 
And the.Iack of adequate rudder margins suggested that if the 
amount of rudder deflection was barely enough to counter the urn-’ 
balanced-thrust moment in straight-line flight, it would not be =: - 
enough to bring the airplane back into straight-line flight. from':’. 
a turn deliberately started toward the out engines (when it is es 
necessary to overcome not only the unbalance d- thrust moments but ng ee 
also rotational snentde): 7 a 


In itself, however; observance of these seconmenaatiene as 
to the éxecution: of turns toward the ‘running engines generated. 
certain additional difficulties in many cases. As a rule, the 
power margin of propeller-driven aircraft flying with partly in-' 
operative powerplants was reduced so sharply as to prohibit con- 
tinuation of level flight in many cases, and espécially in the 
landing. configuration.. If, on the other hand, subsequent flight. ' 
involved a forced descent, the time available to the pilot was 

ool 


Vo” 


after which, in one way or another, the airplane had to be- landed yo 
at an airport ‘or at Seeee on an area suitable for a forced.landing..:«:.: 


The iGedbion of this area relative to the airplane’ often 
Gictated -a turn in a certain direction in order to reach ‘the in- °:. 
tended landing spot by the shortest and, consequently, fastest 
route (Fig. 59). These conditions gave rise to a paradoxical 
situation.in which the turn in the direction of the running en- :. 
gines, which was recommended as being the safest, could result in _ |. 
a forced landing at.a place totally inappropriate for the pur- 9... 7 
pose. At the same. time, a turn toward the out engines, which was | 
regarded as risky, gave better chances of reaching the desired 


g4 


landing point. 


‘Thus; in.the face of 
the above considerations, 
experienced pilots. some-_... 
times resorted to turns to-.- 
ward the failed engines 
even with. older: types of. 
aircraft. when circumstan- 
ces demanded it [21]. 


Moreover, the con- 
Siderations that once-made 
it expedient to execute ae ee, th - 
unbalanced-thrust turns Figure 59. Paths of Landing Ap- 


only in the direction proach After Partial Powerplant 

of the running engines Failure with Turns Toward the Run- 
have lost most of their ning and Out Engines. 1) Landing 
force for modern air-. approach with turn toward out en- 
craft. In fact, the gine; 2) landing approach with turn 


thrust margins of. modern toward running -engines. 
aircraft with high 7 

thrust-weight ratios are . | 

such that even when 50% of the énwires Fadl, their powerplants 

permit flight at a speed. substantially. above the safety speed. 

Further, even if it is necessary to make maximum use of the poten-. 
tial power output of the remaining running engines on a jet air- 

plane, it should: be flown not at the economy angle of -attack, but /110 
at the optimum angle, which is farther removed from the separation 
range. The rudder-deflection-angle margins of modern aircraft are 

also ecnerensy aer eee “nen on those of the recent past. 


For. these reasons, there is” no longer any real basis tor 
hesitating to execute: unbalanced-thrust turns in esvne™ aditrection. 


However, it must be stipulated that the turns must be coordi-~ 
nated to ensure full flight safety in such cases. 


In essence, the advantages of coordinated turns as compared 
with uncoordinated turns prevail in flight with balanced as well 
as with unbalanced thrust. In the latter case, however, certain 
handiing peculiarities arise owing.to the fact that a certain 
amount of roll toward the running engine has already been neces- 
sary for straight-line nonslipping unbalanced-thrust flight. This 
naturally makes. it necessary to reckon the angle of. roli not from. 
zero, but from the angle Vat already assumed in straight-line 


flight. In other words, a coordinated turn at a given angular 
velocity in unbalanced-thrust flight requires, all other condi- 
tions the. same, a larger amount of roll if the turn is made to- 
ward the running engines and a.smaller roll if it is made toward 
the out engines. 4 ee the values of the maximum permis- 
Sible angles of roll ee _. for aircraft of limited maneuverability 
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Flight 
condition 


Coordinated (non-| Straightdine non- Coordinated non: | 
slipping) eit turn | slipping flight slipping) right turn 


All four engines — 
running 


Starboard engine 
out 


, Port engine. 
out 


Figure 60. Spatial Position of Airplane 
and Instrument Readings During Turns with. 
‘Balanced and Unbalanced Thrust. yY1 is-the 
roll in a normal, coordinated turn with the 
powerplant fully: operatives Vee is the 


roll in straight- -line zero- slip flight 
with unbalanced thrust. 


CeaRs5 passenger types) must also be shifted to Veage Vy. in fill 


turns toward the running engines and Tio = Yu.¢, in turns toward 
the out engines. 


Figure 60 shows schematically the readings of the artificial - 
horizon, turn indicator, and slip indicator in balanced- and un- 
balanced-thrust flight without slip, including coordinated ‘turns 
in both directions.. 


Experience has shown that some crew members are confused by 
the unaccustomed combination of instrument readings during turns 
toward a’ failed engine: the turn-indicator flag is deflected in 
the direction opposite to that of the ball deflection. Pilots 
know from practical flying with balanced thrust that this situa- 
tion arises ina so-called "turn with too much foot," i.e., a turn 
in which the angular velocity of the rotation on the vertical axis 
is disproportionately large for. the particular angle of roll and 
the particular speed, with the result that the airplane skids —a /112 
phenomenon that is without question undesirable and in certain 
cases even dangerous. 
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However, this interpretation of the instrument readings is 
valid only for flight. with balanced thrust. When thrust is un- 
balanced, a small deviation of: the slip-indicator ball toward the 
running engine indicates, as we have shown, precisely that there 
is no slip. Consequently, the instrument readings shown in Fig. 

60 for the case of a turn toward an out engine actually correspond. 
to an accurate coordinated turn. 


In .unbalanced-thrust flight on a modern airplane, the: pilot 
is free to choose the direction of a turn in each specific case 
as a function of the airplane's heading relative to the one that 
must be taken, the presence and location of obstacles (hills, 
congested cumulus or cumulonimbus clouds, etc.) relative to the 
initial heading, and even as a function of visibility to the left 
and right from the pilot's seat. 


Naturally, the motion of 
the airplane in the longitudi- 
nal plane depends on thrust’ 
symmetry to a much lesser de- 
gree than does its lateral 
motion. Nevertheless, cer- 
tain changes in longitudinal- 
stability behavior may be ob- 
served following failure of a 
lateral engine. 


As we know, the steady 
speed corresponding to a given a er 
elevator position or a given 
control-column effort depends 
on thrust. When one or two 
engines fail, therefore, this 
speed changes (toward the 
value that it has with the 
powerplant at idle). The 
slope of the airplane's trim 
curves* usually changes on 
going from full throttle to 
all-engines-idle. It changes to a much lesser degree, of course, 
when this transition is made not with all engines, but only by 
one or. two that have failed. 


Port engine out 
Sana Tsuen engine out 


Figure 61. Longitudinal Sta- 
bility Characteristics of a 
Two-Engined Airplane with Right- 
Hand-Rotating Propellers in 
Flight on One Engine (y = 0). 


On propeller-driven aircraft, failures of port and starboard 
engines. sometimes affect longitudinal stability differently. this 


*The longitudinal-stability trim curves express the elevator de- 
flection 6. and the fore- and-aft effort P at the control colum 


as Ceetien: of steady- -state flight sneea. These curves are used 
to draw inferences as to the sign (and approximate degree) of the 
airplane's longitudinal stability with the controls locked and 
when flown hands-off, respectively. 
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can be explained by the differences that occur in such cases in 


the downwash changes: at the horizontal tailplane. Figure 61° pre-- 


sents longitudinal-stability characteristics obtained by A.L. : 
Raykh, D.A. Sorkin, and V.G. Tabachnikov for cases of hands-off: 
and locked-controls : flight of a two-engined airplane with right- 


hand-rotating propellers: in flight on the oor and pear uoare Se ha 


gines. 


The maneuverability characteristics of an airplane’ also ins“ 


clude its forward-speed curves. As:we know, longitudinal posi- -: 


tive and negative poco tene tons are determined by” the respective '~ 


formulas 


We see from the above formulas that the availiable thrust 
margin (P - Q) — the basic parameter,| whose. value changes sub-. | 
stantially after a partial powerplant failure.— appears only. in 


the positive. acceleration formula. Thus,: as we should:expect,,. 
positive accelerating capability ty drops off sharply as. compared 


with full-thrust flight even within the reduced range. of flight 


speeds that remains after. partial engine failure. As a result, 


¥ 
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any pilot error involving a loss of true speed below the neces~._.... 


sary level is. corrected much more. slowly than usual. in partial-. . 
thrust flight. . In.all cases in.which the. altitude margin permits ,- 
it is advisable to help the airplane accelerate by giving. up.a 
small amount of this altitude. In.flight at low altitude, when 
acceleration cannot be forced by descending further, it. is neces- 
sary to watch speed especially closely, remembering the difficulty. 
of making up. a loss of speed without: full powerplant thrust. | 


In most cases, deceleration of an airplane in flight: after 
partial engine failure involves practically no differences from 
the same maneuver when carried out .with the entire. powerplant. 


working. Actually, to slow down a properly functioning airplane, .. 


the pilot reduces engine thrust, i.e., he deliberately resets the 
engines to.a speed similar to that: ‘which ee vour: go to BPONs 
taneously in the event of failure.. 


owe ves: in decelerating after a partial: newer lant: failure,.. 


it is necessary to be aware at all times of the above limitations 
on the accelerating characteristics .of an ‘airplane flying with 
partial thrust and to make certain that the drop.in- Bpeed: is ter-' 
minated on time at. the intended. value. 
Because of its extremely high asta, the ‘deceleration that 
occurs in the case of” combined failure of a ‘turboprop engine with 
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its propeller-feathering.-:s.: .-  - . Transition from powerplant full 
system Sa eee particu-. : -yg gp. .- p Shmsttoidle 
lar a . & 2s _ . 


This maneuver 1s hot a 
executed intentionally be- 
cause of the unacceptable 
negative: acceleration: in- 
“herent to. it.. However, _ 
if such-a. combined. fail- 
ure occurs spontaneously, 
the pilot must gear his 
actions to the need to 


counter not only the di- | cree Pe 
vergent lateral motion, Figure 62. Changes in Aileron and 


but also the sharp drop Rudder Deflection Angles 6. and 6. 


in speed. ‘an’ Straight- ~Line ieeaterke ton int. 
Deceleration. 
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Insignificant 
changes in the lateral 
balance ofthe airplane " oe i 
arise in normal . flight with. paranced: thrust when the airplane - ‘is’ 
accelerated’ or slowed down'(Fig. 62). Thése changés are caused 
by changes in the powerplant's- reaction torques: and gyroscopic. . 
moments with flight speed,’ and by the influence of small symmetry 
deviations in both the external shapes’ of the:‘airplane and the 
rigidity: characteristics of its wings, fuselage,.and tail. In 
practice, the required rudder and aileron deflections during ac— 
céeleration and deceleration are so-small that they'usually go un- 
noticed ‘by the pilot unless he’ has ah ppcce teat saaugias a 
to evaluate them. 


In balancedstnnust flight, however, the: situation changes 
substantially. To counter the unbalanced-thrust moment, it is 
necessary to deflect the rudder'through a rather large angle. 
Rudder effectiveness changes with speed and, consequently, so 
does the angle through which it must be: deflected. 


., With unassisted sont rere or controls that include a revers- 
ible rudder booster, this variation of the deflections does not 
usually produce any substantial changes in the effort that the 
pilot applies ‘to the pedals. Why this is so becomes clear when 
it is recalled that both of the above quantities — rudder effec- 
tiveness and the effort required to ger tee the rudder — are pro- 
portional to the Square. of speed. - 

On an airplane with iemeyeveinieynuaasy controls, the force 
required to deflect the rudder is determined entirely by the 
special automatic device. If the:‘latter operates. as. a function 
of speed, i.e., if it changes the gradient. oP r/ 254, in accordance 


with ram-pressure | variations ,. the. picture is ‘generally the same 
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as with the reversible booster or nonbooster controls. . 


On the other hand;.if, as is. often ‘the case, the automatic | 
rudder assist is a. spring- type mechanism, the. increase in the re- |, 
quired rudder deflection as speed is brought down results in a 
corresponding incredse in pedal effort. In. this case, the pilot 
must be ready during decéleration to keep the airplane on a . 
straight course at the cost of an effort meee increases | substan-. 
tially as speed decreases. — | 


ep | "When the ‘throttles are. 

“t moved to go from one flight ~ 
- +, regime to another, ‘it is 

. necessary .to remember. that 

a a ala the thrust outputs of all 

of the engines on the air- 


No. 1 engine _ 


I 
| 
i 
! 1 
: 1B. plane change with a certain 
o, , Nop eneine.< 5 | time.lag after movement of 
31 No. 3 engine’ shai the throttles. and not in 
sg || No. 4 engine (5 strict synchronism.. This. is. 
™ i because the engine-control 
l a System, especially on large 
! 3 multiengined aircraft, is 
, . ore eee strung out over tens of. va 
0 -_ Throttle travel | meters and incorporates many _ 
| . ee. joints, bends, and other. 
Figure 63. Thrust of Several En- elements that inevitably 
gines on the Same Airplane vs. set up elastic and mechani- 
Throttle Position. cal play, and also because. 


of the inevitable differ- 
ences in tuning of the. ac- 
celeration controls. 


Kinematic adjustment of the control system of each engine re- 
duces in practice to bringing the. extreme positions (forward and. 
back) of the throttle into: correspondence with the necessary 
limiting engine-output modes (maximum and minimum). However, 
fixation of intermediate throttle positions having one-to-one 
correspondence to definite engine outputs is possible ad practice §/116 
only with substantially lower accuracy. — 


Figure 63 presents a bundle of curves characterizing the 
thrust changes of four engines mounted on the same airplane as 
functions of throttle travel. It shows that even if the throttles 
are moved in strict synchronism from one position to another, © 
there are, in the range of intermediate positions (e.g., in sec- 
tion A-A), inevitable differences in the thrusts obtained from the 
individual engines, i.e.,.in other. words, despite the fact that 
the entire powerplant is in working order, the airplane develops 
a certain thrust imbalance. This imbalance may have an appreci- 
able influence on the flight. performance of aircraft with certain 
characteristics. In one case, when an‘experimental: multiengined 
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aircraft was making a landing approach, the pilot throttled for- 
ward, i.e., used a certain temporary increase in thrust, to ad- 
just his estimate. All four throttles were pushed slightly for- 
ward in synchronism. The-response of the airplane to. this ordi- 
nary pilot action was totally unexpected: the machine banked.so | 
sharply that one wingtip grazed the ground, and it was righted and 
landed safely only thanks to vigorous and speedy intervention by 
both pilots. Subsequent analysis of the event indicated that its 
prime cause was a thrust imbalance resulting from nonsynchronous 
buildup of thrust when the throttles were moved forward. The 
manifestation of this imbalance was particularly acute in this 
case owing to the deficient directional stability and, most impor- 
tantly, the excess transverse stability that were inherent to the 
first few aircraft of the type that were built. 


There are, generally speaking, three possible ways of pre- 
venting such undesirable reactions of the aircraft to a change in 
powerplant output. The first is to develop special control sys- 
tems for the engines of multiengined aircraft that ensure the 
necessary setting-change synchronism. However, this approach in- 
volves substantial difficulties, of both design nature, e.g., the 
development of devices to compensate the influence of deformations 
of the airplane in flight, and of operational nature, such as the 
work needed to set up the powerplant as a whole and each of its 
engines in particular. Hence the possibilities for development of 
such systems are to a certain extent limited. 


A second and ‘apparently more promising approach reduces to. 
endowing the airplane with stability and controllability char- 
acteristics with which its sensitivity to thrust imbalance will 
not be so strongly pronounced. Foremost among such characteris- 
tics, as we noted above (see Chapter II), are the coefficients of 
static lateral stability m6 and me and the quantity «, which char- 


acterizes the relation between the maximum angular velocities of 
the lateral and directional divergent motion of the airplane. 


Returning to the aircraft cited by way of example, it should 
be noted that these characteristics were improved substantially 
in the production version by reducing the dihedral of the wing 
cantilever sections by 1°, with a simultaneous 45% increase in 
vertical-tailplane,area. All aircraft of that type now in service 
have a moderate, and in any event quite acceptable, amount of 
sensitivity to thrust imbalance due to nonsynechronous operation 
of the engine-control systems. 


The third way to solve this problem reduces to the use of 
special automatic devices — automatic pilots, yaw and roll damp- 
ers, etc., which are. designed into modern aircraft to give them. 
acceptable Stability and controllability characteristics over the 
entire range of speeds and altitudes at which the particular air-~ 
craft type is to operate, and to support certain basically new 


101 


properties of the aircraft (up to and including automatic-landing 
capability). The increasingly widespread use of such devices, 

which is characteristic for present-day aviation, has resulted, 

on the one hand, from the impossibility of, providing acceptable 
stability and controllability charactéristics in a modern aircraft 

by purely aerodynamic means and, on the other hand, from the in- 
creased reliability of automation elements in aeronautical control 
systems. It.is now difficult to conceive of an airplane, that could » 

be piloted "manually" without numerous automatic’ control devices, /118 
operating in combination and in parallel with the pilot. 


Besides helping solve general problems of aircraft stability 
and controllability improvement, the use of automatic control 
devices also helps’ reduce the sensitivity of the ‘airplane to 
thrust imbalance.: At the present stage in the ‘deve lopment of: 
aviation, it would ‘appear expedient to use ‘all ‘three of the “above. 
trends and reasonable combinations thereof, with preferential 
development of the last- ‘named = automation. 


At the same time, flight’ personnel must consider the: possi- 
ble appearance of a lateral divergent. motion as a response! of 
the airplane to nonsynchronous operation of the individual én- 
gine-control systems and have some idea of the probable degree 
of this reaction. The pilot will then always be able to avoid 
the dangerous consequences of nonsynchronous engine-thrust changes 
by quickly correcting the possible lateral motions of the air- ales 
plane on an increase or decrease in thrust by appropriate déflec-'* 
tions of the rudder or by individual resetting of the individual 
throttle levers. 
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Paper IV. 2 — *7119 


“LANDING. ‘APPROACH AND LANDING, .WITH PARTIAL “AND - 
UNBALANCED THRUST | a : 


dis SPEED "RANGE AND ‘VERTICAL VELOCITY IN FLIGHT WITH PARTIAL AND 
jee - UNBALANCED ‘THRUST WITH THE AIRPLANE IN. Its LANDING CONFIGURA- 
“~<- TION | a3 


The landing approach and. the actual landing are critical 
stages in flight with partial and unbalanced thrust. Lt may. seem 
at first glance that since the descent and especially the landing 
involve reduction. of thrust, the failure of one or more engines | 
Should affect these stages. OF the flight to a lesser degree than 
in route flight or to. a much,lesser degree. than during ‘the diver- 
gent motion at the actual instant of. failure. However, there 
have been a number of cases in practice in which the pilot dealt 
successfully with an. unexpected engine failure, steadied the air- 
plane with partial and unbalanced thrust, flew it hundreds and 
sometimes. even thousands of .kilometers. further in this. condition,: 
reached his airport. of destination in .good, she a but ‘was unable 
to cope with the landing approach and. landing. 


Attempts to éxplain such cases in terms of causes of purely 
psy chological nature (the pilot's relief on séeing. his airport and 
a resulting relaxation of attention) | were unconvincing. A more. 
thorough analysis showed that specific peculiarities that are ab- 
sent (or manifest to a much lesser degree) during other stages of 
the flight are inherent to the landing approach and landing with 
unbalanced thrust. 


The first of these objectively existing complications is that 
when the landing gear and flaps are lowered, the aerodynamic drag 
of the airplane increases sharply. As a .result,.the thrust of the 
operative engines, which was quite adequate to support level flight 
with the gear and flaps up, may be inadequate in some cases for 
flight with the gear down and the wing flaps in their. eeeene posi- 
tion. 


Figure 64 illustrates the characteristic changes in power /120 
margin, level-flight speed range, and available vertical velocity 
in various configurations of an airplane. As we see from the 
figure, lowering the gear and deflecting the flaps to the landing 
position sharply reduce the. available power margin and, conse- 
quently, also the forward-speed range and vertical velocity. The 
effect of lowering the gear is physically not quite the same as 
that of lowering the wing flaps. 


In itself, in contrast to lowering the gear, moving the wing 
flaps from their retracted position to their takeoff position has 
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Speed V 


Maximum-drag range of 
windmilling propeller of 
' inoperative engine 


Vertical velo- 
city:’V 


Figure 64. Power Margin sc 

AN and Vertical Velocity 

Vy as Functions of For- Figure 65. "Collapse" of an’ 
Airplane's Performance Data. 


ward Speed V in Various 
Configurations of an Air- 
craft. Solid line: gear 
and flaps up; dashed 
line: gear and flaps in 
landing position. 


in the: High-Drag Range of a 
Windmilling Turboprop Pro- 
peller. 


comparatively little effect on the power margin, but it lowers: ap- 
preciably the speed at which the power-margin maximum and the cor- 
responding maximum possible vertical velocity occur. Lowering the 
gear, on the other hand, increases the airplane's aerodynamic drag 
directly without increasing lift; i.e., it lowers the lift-drag - 
ratio and, along with it; all of the fundamental flight-perform-. 
ance data: speed range, vertical velocity, etc. 


In the case of a windmilling propeller on, a turboprop-engined | 
aircraft, the effect of the change to landing configuration is com- 


pounded by another circumstance — the proximity of the speed at.. 


which the drag of the windmilling turboprop propeller reaches its’ 


maximum (see Fig. 26). 


As we showed above (in Chapter II), the drag ("negative 
thrust") of an unfeathered windmilling turboprop propeller reaches 
its maximum at the speed at which the blades of the windmilling 
propeller come up against: the intermediate stop. If this speed 
is close to that recommended for the landing approach with an air- 
craft of the particular type, it may be found expedient to. deviate 
intentionally from this recommendation and maintain some other — 
(higher or lower) speed at which the available power margin and 
hence also the vertical-veloctty value will be more favorable (Fig. 


65). 


If the. speed chosen is greater than that at which propeller 
aerodynamic: drag has its maximum, it must be remembered that at: 
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some stage during the approach, and most probably when speed is 
cut on the approach path, it will be necessary to pass through 
this drag peak in one way or another, and at this time the air-~ 
plane will decelerate much more sharply than in the landing ap- 
proach with fully operative powerplant to which the pilot is ac- 
customed, or even an approach with a failed engine whose propeller 
is feathered. 


2. LANDING ESTIMATE WITH PARTIAL AND. UNBALANCED THRUST. LATERAL 
DEVIATIONS FROM RUNWAY PLANE. . RUDDER DEFLECTION ANGLE MARGIN 
AT PULLUP 


Even in the case least favorable from the standpoint of avail- 
able power margin, in which an airplane cannot fly level in its 
landing configuration with one or more engines out, the possibil- 
ity of executing a satisfactory landing is by no means excluded. 
However, procedures must be observed especially strictly in con- 
structing the landing approach in such a case. The prime neces- 
sary condition for this is that the pilot be clearly aware. of the 
fact that with the given number of running engines and given 
weight, his airplane: can continue flying after lowering of the 
gear and flaps only with descent at a vertical velocity that is 
known beforehand. 


Under. such circumstances, the gear should. be lowered only 
when the airplane is in a position that ensures that it will reach 
the airport, i.e., with consideration of altitude, the airplane's /122 
vertical descent rate in its landing configuration, and the time 
required to lower the gear with both the main and the emergency 
systems. -The time to start lowering the gear must be determined 
well in advance, before the approach to the airport, so as to 
ensure that it will be fully lowered on the final-approach path 
by the time the outer marker is passed. 


Lowering of the gear any 
earlier may result in a 


forced landing before the ” Lowering of gear | 
airfield 1s reached. How- ' initiated | 
ever, too-late lowering of a aa 
the gear may result in no Gear lowered : _ ; 


less serious consequences , " Inner marker 


especially on aircraft where _ 

this operation requires a | rs 
comparatively long time. In Runway. 
this case, it may. happen 
that the gear is still not 
all the way down at. the time 
of touchdown. 


Hpproach 


| Flareout point © 


-Figure 66. Determination of Time 
to Start Lowering Gear in Partial- 
‘Thrust Landing Approach. 


In determining the gear- 
lowering time, it must be remembered that the gear lowering and 
retracting systems of many types of aircraft are powered from 
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engine-mounted accessories (for example, from gear-driven hy draul-= 
ie-system pumps). In such cases, failure of one or more ‘engines - 4 
will reduce the. number of operative power. sources supplying the  .-.;3 
landing-gear system, and this, in turn, Se slow the a [£2 : 
down appreciably. Se eS 


On other types of aircraft, however, advantage may be taken’ 
of the fact that the emergency gear-lowering system.works faster =... 
than the main system (for example, if the main system is. hydraul-:.-:, 
ic and the emergency system pneumatic). In.such cases, use of 4 
the emergency system despite the fact that the main system is 
operative will greatly. speed up the lowering ‘of: the gear. 


Figure 66 shows schematically the transition. from-level gear-|- 
up flight to descent at a certain vertical velocity after.the | 
gear is lowered. 


Needless to say, if the airplane cannot fly level in the 
landing configuration with partial thrust, but descends at an 
angle smaller than the normal glide-path angle. (e< Beiide?-* he . -/123 


problem is Simplified greatly: it is sufficient to make the. i. 
final transition to the landing configuration immediately before.” 
entry into the glide, and a thrust in excess of that which the . 
airplane can still develop will definitely not: ‘be coe dur-- 

ing the rest of the’ glide. 


It is best to lower the wing flaps to their takeoff postione 
after entering the approach path. They should be lowered to the 
landing position in the vicinity of the inner marker, after the 
pilot has made absolutely certain that. the airplane will reach 
the runway enter full deployment of the flaps. 


We | repeat that the above recommendations Sen an to the ex- 
tremely rare case in which:an airplane cannot fly.level in the 
landing configuration with partial and unbalanced thrust.* How-- 
ever, when the available power margin supports level flight in 
any configuration of the airplane and there appear to be no limi- 
tations on the plotting of the landing approach, it is still ad-. 
visable to come in on the approach path with the flaps in their — 
takeoff (i.e., not fully deflected) position and maintain this 
position all the way to the outer marker. If the ‘approach is 
successful, the pilot will always be able -to deflect the: flaps 
from the takeoff: to the landing position before he approaches the 
runway — this operation'requires only: a few seconds. On the other. 
hand, if the approach is incorrect, climbout for a second approach 
is naturally much easier with the flaps in their takeoff BOse tron: 
than it would be if they were in the landing posturon: : 


{ 


*For example,- when more . than the seater ‘number ‘of engines. fail” 
late in a flight. 
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In all cases,.whether with Vy page 0 or with Vy ae 0, the 


best partial~thrust approach trajectory is that in which the air- 

plane descends along the normal glide-path to the intended flare- 

out point under some power, i.e., with the running engines operat- 
ing at some intermediate setting. 


This part-power approach has amnumber of advantages over de- 
scent with zero thrust from the running engines. Firstly, the 
pilot retains his: freedom to maneuver in'‘either direction: by _ 
varying the thrust of the running engines, he can either increase 
or decrease his descent rate and angle and thereby correct (with, 
of course, certain limitations) errors in either direction in the 
descent trajectory. Secondly, the running engines will respond 
better to the throttle at intermediate rpm-than at idle, and, con- 
sequently, any required change in setting, up to and including a /124 
change to maximum thrust for climbout, can be executed more 
quickly and cleanly. 


. The landing estimate for an 
airplane with partial and un- 


balanced thrust should be made 

in such a way that the airplane 
will fly slightly above: the nor- 
mal glide.path or exactly on it, 
but never below it. This is be- 
cause it is generally easier to 
correct .an overshoot than. an a 
undershoot -under the conditions of - 
a part-power approach with par- 
tial thrust. 


Figure 67. Trajectory of - 
Landing Approach with Early 
and Late Correction of Er- 
ror of Judgment. 1) Error 
detected in time corrected 
by slight change in engine 
thrust; 2) error detected 
too late requires a substan- 
tial change in engine thrust 
for correction. | 


However, the above applies 
only under the mandatory condi- 
tion that the deviations in. 
either direction be small. If, 
on the other hand, an error of 
judgment has been committed and 
a considerable deviation from. 
the normal glide path has accumu- 
lated, correcting it is rather 
complicated in either case — under- 
shoot or overshoot. For this reason, the pilot must make an ef- 
fort to correct. any observed. deviations as soon as possible — im-. 
mediately after detection — with small. adjustments to the set- 
tings of -the running engines (Fig. 67). This mode of action is 
actually advisable in any ‘landing approach, and not only in land- 
ings with partial and unbalanced thrust, but observance of the 
rule is especially important in the latter case. 


“With the approach to the runway, the excess over the normal 
glide-path altitudes should be reduced gradually, so that the air- 
plane enters the normal descent trajectory at a height of 30-50 
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meters and approaches the. airport at the usual angle to which the 
pilot is accustomed. oe 7 
We noted above that correction of a substantial undershoot 
may prove to be simply impossible when the airplane is not capable 
of level flight in the landing configuration with partial and un- 
balanced thrust. However, correction of a large deviation in the. /125 
overshoot direction, especially with turboprop aircraft, may also 
involve certain difficulties and even give rise to dangerous 
Situations. The latter arise from the fact that under these cir- 
cumstances’, the pilot makes a natural effort to correct the over- 
Shoot by recourse to the powerful decelerating factor available 
in the propellers of the turboprop engine. However, he must re- 
member that this brake is so powerful that immoderate use of it 
may decelerate the airplane excessively and produce a rapid drop 
in speed. It may then be difficult to recover the normal speed 
needed to flatten out the descent and flare the airplane out in 
the proximity of the ground with unbalanced and partial thrust. 


r, 


It must also be remembered that deceleration by use of the 
propellers of troboprop engines, especially the inboard ones, 
causes sharp deterioration of the wash over the tail and, conse- 
quently, of control-surface effectiveness. As a result, the 
pilot who uses propeller braking excessively at low altitude risks- 
finding himself near the ground in an airplane that has not only 
lost speed, but is also difficult to control. 


For these reasons, moving the propeller-pitch handle off its 
stop and pulling the throttle of a turboprop engine back past its 
flight-idle detent in order to adjust a landing estimate must be 
regarded as inadmissible both in landing approaches made under 
ordinary conditions, and especially in partial-thrust approaches. 


Such are the landing-approach peculiarities associated with . 
deficient magnitude of the thrust available to the pilot. 


The behavior of the airplane is further complicated, however, 
by the imbalance with which this thrust is applied. 


Aviation practice has recorded a number of cases in which the - 
pilot making a landing approach with unbalanced thrust has come 
successfully out of the last turn into the plane of the runway and 
missed the runway. The specific cause of this effect was a spon- 
taneous deviation of the airplane's trajectory ("drift" of the 
airplane) to one side of the runway plane. From time to time, 
attempts have also been made to explain such cases in terms of 
subjective errors committed by the pilot, e.g., it has been sup- 
posed that his attention drifted as he approached the final stage 
of unbalanced-thrust flight and he stopped paying the necessary 
attention to his direction of approach. Such explanations are not 
quite convincing, if only because it would appear that the pilot 
would have even greater reason to "relax" on approaching the end . 
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of a flight with all engines: running, but there have been practic- 
ally no recorded cases of missing the runway when the full power 
plant was available. In fact, the cases that have occurred after /126 
partial powerplant failure are exhaustively explained in terms of 

the dynamics of unbalanced- thrust flight. | 


- 


‘In fact, as we pointed out above, unbalanced-thrust zero-roll 
flight always involves slip toward the out engine. Here the slip 
angle is: found to be larger the larger the unbalanced- thrust mo- 
ment and the lower the flight speed. ~ 


A consequence of the latter is that during ‘the landing ap- 
proach, as the speed is gradually: brought down to the value re- 
quired for the flareout and the unbalanced- thrust moment Ma. t in- 


creases because of the need to increase the thrust of the running 
engines to offset the drag that appears. when the flaps and gear 
are lowered, the slip angle reaches its maximum values. AS a re- 
sult, the pilot unexpectedly finds the airplane drifting sharply 
to the side in a motion that it is.no longer always possible to. 
correct. 


Any increase in the thrust of the running enginés that is 
applied during the approach to correct. the glide path results in 
additional drifting of the airplane off the runway plane in. the 
direction of the out engines. 


To avoid this, it is advisable to.make. an unbalanced-thrust 
approach without. slip, i.e., with a-slight roll toward the running 
engine. Here the roll must also be adjusted appropriately with 
each change in the thrust of the running engines. The pilot must 
remember a.simple rule: more thrust means more roll, and less 
thrust less roll. Only when this rule is observed will the air- 
plane approach the runway without being diverted off to one side. 


It is particularly important to correct slip quickly by bank- 
ing the airplane toward the running engine when an engine fails 
directly during the landing approach instead of at some earlier 
stage in the flight. True, the probability of failure during this 
period is.extremely low, both because of its relatively short 
duration and because the powerplant is operating at comparatively 
low a during the landing approach. 


Nevertneqess. current standards require that the lateral 
stability and controllability characteristics of the airplane 
eliminate’the possibility of its assuming dangerous angles of 
roll, slip, and attack on a sudden cecritical-engine failure during. 
the landing glide in the landing configuration. Test results 
sometimes indicate that in order to satisfy this condition it 
will be necessary to make corresponding changes in handling char- 
acteristics, and, in particular, to specify a glide speed some- 
what higher.than that which would be adequate to ensure the re- 
quired longitudinal-motion characteristics during a landing under /127 
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normal conditions (this speed is usually - i 3 ‘times, the minimum)” 
all the way down to the flare point. 


As, a rule, the drag-lift ratios of most..modern aircraft in. 
the landing configuration are. substantially, larger than the’ slope ..... 
of the normal. landing-glide path.. In fact, if @ = 2-4°, then =| 7 
tan 6 = 0.04-0.07, and 1/tan 6 = 25-15, which differs substan- ae 
tially from the usual ‘values. of. Ky ag Bor. this reason, the land- 


ing approach is. made. not. in a pure ‘glide,’ but with some throttle, Ue 
i.e., with the operative engines’ developing a certain amount of . oo 
thrust, which is usually commensurate in magnitude with the. .-°’°. <4 
cruising thrust. Consequently, an engine failure during the 

landing approach may: also strongly influence. flight performance... ' 
True, a failure during the landing. approach is less dangerous:: 

from the standpoint: of available. thrust margin than. it. 1s at. 

other stages in the flight. Its: influence is :.felt. more ‘strongly: ">. 
in the controllability of ‘the airplane. The potential hazard of -- 
such a failure consists in the fact that, as he continues the eos 
unbanked descent, the pilot senses the slip crabbing only at a 

very low altitude, when it is very difficult to counter and,..in.. 

any event,. requires, execution of rather: sharp. maneuvers with “pars 
tial and unbalanced thrust: near newer oo 


The . ‘above ‘also applies ae full measure to the automatic 
landing approach. If the automatic’ landing approach-system is - 
not programmed for the case of lateral-engine failure, the ‘system 
will react -to, the slip- -induced crabbing in the same way as to any 
other kind (for. example, the crabbing that occurs under the in-- 
fluence of a lateral wind component). However, as we have shown, 
rudder-deflection margins | are greatly reduced in flight at’ y = 0 
and 8 # 0. Therefore, in the event.-of lateral-engine failure dur- 
ing an automatic landing approach. using a system not’ designed for 
this case, the airplane must be -forced to bank toward the running 
engines or, if the system does not admit of such intervention, it 
must be switched.off and the approach completed manually with ob- 
servance of the "more -thrust, more roll; less thrust, less roll" | 
rule. 


It goes without saying that in either manual or automatic | 
control, the drift of the airplane off the runway “axis toward the 
inoperative engine can be countered by an appropriate heading | 
change. However, this technique is in some respects inconvenient. 
Firstly, it is more difficult to.adjust the .kheading lead angle 
synchronously with thrust changes than it is to effect the cor-. 
responding roll change, since the former calls for execution of a 
more complex maneuver..in two planes instead of one. In addition, 
it is generally necessary to close out the heading lead at the 
end of the flareout prior to touchdown. Even with symmetrical | 
thrust, this maneuver requires rather precise execution, and with /128 
unbalanced thrust it is naturally still more complicated for the ; 
pilot. It is therefore more expedient to eliminate the neverai 
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drift of. an airplane during a landing approach with unbalanced 
thrust by ‘eliminating the slip directly, since it is the prime 
cause of this drift. 


On ‘four- -engined ‘aircraft, the thrust imbalance After failure 
of one engine can be greatly reduced during the landing - approach 
by expedient utilization of the thrust from the running engines: 
First the total thrust is decreased by. throttling back the engine 
having the symmetrical position on the other side. Only then, 
after its thrust has been reduced to the smallest. possible value, 
are the symmetrically positioned running engines. throttled back 
if a partner decrease in total thrust is: required. 


bovine the . ‘approach to ne ground, the aieplane! S peda must, 
as we know, be. brought down gradually to the value required for 
the flareout. This fact also introduces certain additional. pecul- 
iarities into: the control of the airplane, primarily as a result 
of the’ aforementioned increase in the required rudder: deflection 
angle. 


Certain. aircraft of the recent past that required moderate 
rudder deflection angles for:.steady smooth-configuration flight 
with unbalanced thrust began to require -more than the available 
amount of rudder during the landing approach, and especially dur-. 
ings its last stage. Thus, at its normal ground-approach speed, 
one two-engined turbojet aircraft required that the thrust of the 
running engine. be increased to P = 0.85-0.9P max for flareout. 


Thus, it would appear that the thrust. ‘margin fully supported cor- 
rection of even a rather gross| blunder. However, an unexpected 
impediment to control of. the aircraft in the yaw plane then made 
its appearance. To hold to a straight line under these conditions, 
even with zero slip and an appropriate roll toward the running en- 
gine (y v 8 = 0); the airplane required 27° of rudder deflection, 
while the amount available was only 25% 


The above might give the impression that the situation de- 
scribed was hopeless and that if the pilot bringing an aircraft of 
this type in to land permitted such a gross deviation from the 
glide path to escape his notice for so long a time, it would no 
longer bé possible to get into the airport owing to the lack of 
the necessary means for countering the turn in the direction of 
the inoperative engine. 


With all its complexities, however, this Situation was in 
fact not hopeless. 


To keep flying in a straight ine on the flare path, it 
was only necessary to let the airplane slip in the direction of 
the running engine, for which purpose the airplane was rolled a 
few more degrees (2°-5°) in’ this direction. As we pointed out 
above (see Fig. 53), this reduces the required rudder deflection, 
thereby making it possible to steer the airplane in-a’ straight 
line. 


Lil 


It may also.be necessary to.apply: slip toward. the running en- 
gine’ even when the pilot has not committed an error. The degree:of 
thrust imbalance may. be so high that the full deflection of the 
rudder is found: inadequate to counter the’ yaw, even during @ cor= 
rect: glide-path. descent. An example of this situation is failure 
of two engines. on: the’ same side of a turboprop airplane with simul- 
taneous failure of the feathering system of one or both of them 
(admittedly, an extremely rare case: not one has been recorded in 
aviation practice for some years now). Nevertheless, straight- 
line flight is. generally possible even in this hypothetical case, 
but by only one method: applying slip toward the running engines. ~ 
A slight excess of roll is helpful here, so that the airplane will 
fly straight. with only.partial deflection of the rudder. At least 
20-30% of the rudder deflection must be left in reserve for count- 
ering of random atmospheric disturbances and for preventing the 
airplane from yawing at flareout, when speed and hence also rudder’ 
deflection margin are reduced even further. 


During the flareout, the airplane should never be kept from 
yawing by cutting the thrust of the running engine, not even to 
handle a deficiency of rudder deflection margin that reappears for 
the same reason. Their thrust can be reduced only after the: air- 
plane has been levelled off and is in its flare. Although the 
pilot may be able to keep the airplane from yawing by reducing 
the thrust of the running engines béfore the airplane has flatten- 
ed out, he risks seriously disturbing the correctness of the land- 
ing profile and may even drop the wheels sharply onto the ground. 


., It must also be remembered that on aircraft with irreversible 
hydraulic boosters and spring loaders in the directional-control 
system, the increase in the required rudder deflection near the 
flareout point may also involve a corresponding increase in pedal 
effort. | 


After the airplane has flared out, the throttles of the run- 
ning engines should be moved back smoothly, with simultaneous re- 
covery of the airplane from the roll. 


Here it must be remembered that the rudder trim tab, which 
has been adjusted during flight for zero effort with the rudder 
deflected, will now cause an effort of the opposite sign to appear 
at the pedals. It 1s therefore necessary to return the tab to 
a near-neutral position beforehand, before the flareout, and then, 
as long as the operative engines continue to work, to hold the 
rudder in the proper position by applying the necessary pedal ef- 
fort, or to be ready for the appearance of an approximately equal 
effort at the opposite pedal on the flare path after the opera- 
tive engines have been reset to idle. Psychological difficulty 
is encountered in dealing with this phenomenon if the pilot nas 
not been expecting it, because it requires readjustment of his 
program of operations: the yaw overshoot takes place in the direc- 
tion of.the running engines, after the pilot has been working to 
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counter a yaw toward the out engines throughout the entire time of 
unbalanced-thrust flight. Whenever possible, therefore, it is ad- 
visable that the rudder tab be returned to a near-neutral position 
beforehand, i.e., before the running engines are idled down. 


3. LANDING APPROACH WITH PARTIAL AND UNBALANCED THRUST IN A CROSS 
WIND. INTENTIONAL UNBALANCING OF THRUST TO COUNTER THE EFFECT 
OF A CROSS WIND 


The problem of directional control on the landing-approach 
path boils down essentially to keeping the descent path in the 
plane of the runway. by countering random factors that tend to 
divert the aircraft from this plane. The presence of a lateral 
wind component complicates this task appreciably, even in a 
descent with the powerplant in full’ working order. 


Problems involved'in cross-wind landings have recently ac- 
quired much greater importance than they had at earlier stages in 
the development of aviation. This is because the cross-wind land- 
ing has been transformed in our time into a much more frequent 
event than it was in the past; when airfields were generally cir- 
cular or square in shape, so that all takeoffs could be made into 
the wind. The appearance of high-speed jet aircraft with long 
takeoff and landing distances dictated a universal trend to con-. 
crete runways, thus leaving ‘only two possible landing headings on 
each runway available at. a given airport. Although these strips 
are usually placed in the most probable wind direction, that cor- 
responding to the orientation of the "wind rose" plotted for the 
locality in question, a wind blowing straight down the runway is 
now the exception rather than the rule. 


The greatest difficulties are encountered in the landing ap- 
proach and landing of swept-wing aircraft in cross winds. These 
aircraft practically prohibit the until-recently routine method 
of putting the airplane into slip in order to counter wind. crab. 
This is because, unlike straight-wing aircraft, swept-wing types 
in slipping straight-line flight at relatively large angles of 
attack (and it is such angles that are assumed during the landing 
approach and especially at the actual landing) develop strong 
aerodynamic moments about their longitudinal axes that tend to 
bring the airplane out of roll and slip. | 


To hold the aircraft in the necessary attitude, the pilot 
must apply a strong aileron deflection in the direction of the 
slip. This deflection reaches its limit even at comparatively 
small angles 8, so that .a further increase in slip becomes im- 
possible, not to mention the fact that this leaves the pilot 
no alleron-deflection margin with which to counter random ex- 
ternal disturbances. 


The original cause of this situation consists in the fact 
that the absolute magnitude of the transverse static stability 
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coefficient me of the. swept’ wing. depends: strongly on angle of’ 


attack, unlike that of the straight wing. Figure 27 illustrated 


the trend of this rélationship. We saw from this figure that the... _ 
absolute value of the coefficient m® varies manyfold in the. normal.. 


is 
range of angles of attack of-a swept-wing aircraft. Naturally, °: 
the wing dihedral is adjusted during the design and trials of the 
aircraft to pregerve transverse static’ stability (i.e., observe — 
the condition my < 0) in all cases. As a result, even when accept- 


able, ngar-zero coefficients m® are ensured at small angles of at- 


tack, it. is necessary to accept the fact.that a swept-wing air- 
craft will have.a substantial excess transverse static stability 
at near-landing ‘and landing angles. of attack. os oe 


Hence the use of slip as’ the sole or even as the main instru- 
ment for countering cross winds in the landing approach for swept- 
wing aircraft would place a severe limitation.on the maximum _ . 
cross-wind speeds at which such aircraft could be landed at all. 


Because of this, a different. piloting technique. is now used. . : 
on most swept-wing aircraft types during landing approaches in | 
cross winds. Slip is not used (or is used only as an-auxiliary); © 
instead, the drift that occurs is countered entirely or:'almost | 
entirely by introducing an appropriate lead into the heading. 


This technique has a 
number of important ad- 

, . vantages. First; there is 
y {| Runway y |} Runway 4 practically no limit on the 
- magnitude':of the lateral’. 
wind component with which 
y- a landing approach is pos-: - 
sin(apj=r sible, because diversion: 
from the landing heading 
through any necessary angle 


plications into the work of 
piloting. Secondly, during 
a nonslipping landing ap- 
proach, the airplane is 
washed symmetrically by the 
: airstream and its rudder 

150 200 250 V km/hr’ and ailerons are in -near- 

pF '" neutral positions; there- 

Figure 68. Two Methods of Counter- fore, the full deflection 
ing Crosswind Drift in Landing | margin is retained in both 
Approach. a) With slip; b) with directions for countering of 
heading. lead. random external disturbances. 
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Crosswind com- 
ponent 
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introduces no essential com-- ' 


Figure. 64 illustrates .schematically: both. of the above: cross- 
wind. landing- -approach techniques. If the approach is made with a 
heading» 1ead, ‘the! airplane must be turned to the landing heading 
before it actually - touches down ,' SO. that: the velocity vector is 
aligned with the plane of the wheels or’ at least so that the’ angle 
between them is reduced Substantially in order.to'‘avoid heavy® — 
lateral ‘loads on the..main- wheels. and the undercarriage structure. 
However, - even in landings with uncorrected slip, these loads do not 
generally exceed the ranges provided for other design cases, e.g. a 
the "eround loop." Thus, the aligning turn into the runway, plane /133 
may be omitted in’ many’ casés, or executed after touchdown, Since | 
most modern ,tricycle-gear aircraft: perform this: turn. spontaneously, 
independently of pilot .actions...-After its.main wheels touch the 
ground, an aircraft of this. configuration.tends: to straighten:it-. 
self out under the action of the moment generated about its center 
of gravity. nS the power pia ae of. ‘friction at the eet 
wheels. ... : : SS Se. OP Bd ge Bee 

In essence, the capas::-- BS RIES Ae ie 
bility of an airplane to 
orient itself..to the. runway. ~- : 
axis is a.manifestation of pe 
the. directional, stability. Fanos 
‘Characteristic for aircraft Se 
with nose wheels. in their - 
motion along the ground. 
Needless-.to say, use should 
be made of. this: property 
only when it.is certain 
that the: strength of the ous Zs 
tires and the airplanels: o:34. 
entire undercarriage permit |. 
the application of the 
lateral load that. appears: 
when its wheels touch the . 
ground.at .an.angle.of crab.:.. 
After..a-landing approach in... 
which the crab. due to the 
cross wind, is. countered by 
the heading-lead technique, 
therefore, pilots. usually .. .- 
still make the controlled correcting. turn of the airplane nto the 
plane of the’ runway before. touchdown, so that if the landing can-_, 
not be made without the least amount of crab relative to the 3° .4f07 
ground, me datter will at least. be ereavay pecueaos = 


Figure 69. Yawing Moment. from 
Transverse Component of Wheel 
‘Friction. a) Landing of aircraft: 
with nose wheel with crabbing 
relative to. the ground; b) land-. 
ing of aircraft with. tail wheel . 
‘with crabbing relative to ground. 


But even this does: not ‘greatly spiel cate biiot iek swine to 
the absence of .any stringent requirements as to the precision with.. 
which the slip is corrected at the moment of touchdown. 


On aircraft of older configurations (with tail wheels), this 
requirement applied in full force and all applying landing rules 
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were subordinated to its satisfaction... The reason for this.was,. 

that aircraft with tail wheels had..low directional stability in. : 
motion along the ground, and a strong -initial impulse like the /134 
moment: of the lateral friction ofthe’ main- wheels against the 
ground that inevitably occurs in. a crabbing landing. could ,(and - 
often did) résult in a progressive uncontrollable turn. ey 


For an airplane with a tail wheel (Fig. 69b), 


BY 


~e 


My rest\=F emi \t — Fi, 
where Be £1 is the lateral friction of the tail .wheel. and: bis... 


the Gstance from the airplane' Ss center of gravity to the © ‘tail 
wheel. 


oi igs 


e t . “ae 
we *- ra aoe . aa wigs 


Be cases are possible here. 


1B [F, ager = Fe es Bis: a > 0 and-the airplane is: ori- 


ented sisi the runway axis eee touchdown, i. (Ce git U' ‘behaves like 
an airplane with a nose wheel. 


if Fm?! > “UR. 
a turn. 


bl, M 


y rest” 


z:tl < 0 and the. airplane goes into 


On the other hand, aircraft with nose wheels (this gear. de- 
sign prevails in the modern aircraft pool almost’ ‘without’ excep- 
tions) have such high degrees of) directional - stability: “in ‘motion - 
along the ground that they are practically “immuné to‘uncontroll-~ 
able turns during rollout no matter what - ‘the magnitude of the 
initial impulse: 

My rest ° By mn? ? 


“ft 


where M is the restoring directional moment of the ere 


y rest 
gear, FY a is. the lateral friction force of the main gear. (the 


nose wheel has zero lateral force, ‘since the: nose-wheel strut is: 
self-orienting), and a is the distance from the ‘airplane's center : 
of gravity to the axis lines of the main. landing- gear | struts. 


My rest : > 0 in all cases, i. ee, 10” tends to bring the air- 
plane! Ss axis into line with the velocity - vector. 
On modern aircraft, therefore, the adjusting turn before 
touchdown after a landing: approach with heading lead is. executed 


only in the interest of reducing the lateral loads on the landing 
gear, and not to ensure the necessary controllability during: the 
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subsequent’ motion along ‘the ground}: there- < 


f 4 

fore it does not require special precision . Reb +9 
of .execution and is, in any: event, less. 
complex for the pilot than the’ recovery: na 
from roll and slip that: would be-. ‘required - eee ys 
directly above the runway in’ an‘ approach i ae 
with slip. — : ) LY f 

t 


Irrespective of the technique used to 
counter cross-wind crabbing — heading | 
change or slip — execution of this ‘maneu- 
ver with unbalanced thrust introduces its 
own additional complications. Figure 70 
illustrates the case that is -most “complt- 
cated and least desirable under these. 
circumstances: an unbalanced-thrust ‘ap- 
proach without roll (and, consequently, 
with slip) in the prssence of a@ cross 
wind from the side of. the running engines. 
As the figure shows, the crab due to the, 
cross wind has the same sign as. the’: evap 
due to slip in this. case. As°*-a result, 
the total amount of crab relative to pneu 
ground may become quite substantial — 
ranging into the tens of degrées of 
angular measure. In an unbalanced- 


Figure 70. 


of Angles of Crab 


»-.Due to Slip and to 
_..Cross. Wind During 
.; Unbalanced-Thrust 


Landing speroneh | 


Without Roll. 


‘Addition 
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thrust approach without roll and in the 

presence of a lateral wind component with respect to the runway 
axis, therefore, it is always advisable, whenever possible, to 
choose -the approach ‘direction ‘such. that the wind will be blowing 
from the side of the out engines... This will result in different 
signs of the ecross-wind crab.. and ‘the crab. due to the slip associ- 
ated with unbalanced-thrust flight without roll, and they will 
therefore offset one another at least partially. The above state- 
ment is valid, of course, only if the longitudinal component of 
the wind is not so large that landing in the direction preferable 
from the standpoint of countering the lateral drift would be dan- 
gerous owing to a high tail wind. 


The possibility of mutual cancellation of the cross-wind crab: 
and the crab due to unbalanced-thrust slip gave rise to the idea 
of intentionally unbalanced application. of thrust in the interest 
of counteracting cross-wind erab in flight with the airplane's 
powerplant in full working order. To make this idea workable, it 
would be necessary to run the airplane' s engines at unequal set- 
tings during the landing approach: the engines on the side from. 
which the wind is blowing. would-have to develop less thrust than 
those on the opposite side. 


If the problem is that of exact cancellation of cross-wind 


crab by using slip to develop a lateral velocity component equal ’ 
in magnitude to it but opposite in sign, it is necessary, as we. 
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see from Figs. 46 and 68, to generate an unbalanced-thrust moment 
that satisfies the equation. 


% ob me 
Or, recognizing that W/V = sin(¢,,) = 6, and B = Z/c®gs, 
whére Z=.*—-,P and, consequently, g=—2 .4°. we obtain /136 
4.0 , hehe bgs ’ —— 
Wee AP 
Vo olan eb&gs’ 
whence 
“AP = byt , ve se Nv — 1 We8—VS (10) | 
z ae ae De 7 ae 


Here AP is the required thrust difference between symmetrical 
port and starboard engines for compensation of the cross-wind drift | 
by slip without roll, W is the lateral component of the wind, V is 
the forward velocity of the airplane, Cy is the static derivative 


of the transverse-force component with respect to angle of slip, 


L. t is the lever arm of the vertical tailplane, z is the distance 


from the line of action of engine thrust to the airplane's plane 

of symmetry (the engine lever arm), 2, is the distance from the 
application point of the lateral aerodynamic force Z to the air~ +. 
plane's center of gravity, q is the ram pressure, o is the mass 
density of the air, and S is the wing area. 


The above formula permits accurate determination of the de- 
gree of thrust imbalance necessary under a given set of conditions - 
to counteract the crab due to a cross wind of given force. 


In practice, however, there is no need for such exact can- 
cellation of the cross-wind crab. . Moreover, the wind speed it- 
self and the direction of the wind are seldom so stable as to 
justify formulation of such a problem. In practice, it is usually 
sufficient to reduce the crab to the point at which the pilot 
cannot perceive it visually, i. e., to eliminate the apparent cross- 
wind crab. Nevertheless, the visual: approach is made easier by © 
calculation of -the thrust imbalance required for a given cross 
wind before the approach to the landing airport. ) 


Use of this method makes it possible to broaden the range of: 


crosswind speeds in which an airplane of the particular type can 
be landed. 
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Thusi,, the flight ‘manual for the Tu-104 airplane states that 
with the two engines developing balanced thrust, the maximum per- 
missible cross wind. at landing is 12 m/sec, but that it increases 
to 14 m/sec when the thrust of the engine on the side opposite to 
that from which the wind is blowing is increased. 


It: is easily shownthat use of this method is even more ef- 
fective, increasing the range of permissible cross-wind speeds 
not by 2, but by 4-5 m/sec and-more, for aircraft with engines | /137 
farther outside the plane of symmetry (such as the Tu-144, ‘An- 
22, and others); naturally, this means a considerably broader 
range of operational capabilities. for aircraft of these types. 


While on the subject of intentional disturbance of thrust 
symmetry, we should take note of certain admittedly quite rare 
aircraft types in which this disturbance resulted from the very 
accommodation of the powerplant. The single engine of the Blohm 
und Voss. BV-141 airplane .(1944:) was: situated not in the machine's 
plane of symmetry, but off to one side of it, on the wing. 


The: An-26 aircraft:, which resembles: 
the An-24 in design. but differs from it . | -.: 
in particular in the presence of a third Al-24 #PE\ /\! -AL-24 TPE | 
engine —.a turbojet mounted in. ‘the star- eee eee 
board engine nacelle — is now being flown 
successfully. In itself, installation ©) 
of the third engine substantial ly in- 
proves the performance of. the airplane. 
during takeoff and, climbing and, of 
course, in the event of failure of one 
of the main engines. Simultaneously,.- 


this engine replaces the self-contained ‘Vnax(A%-26) 
auxiliary powerplant used to supply power ! 
to the airplane on the ground (in particu- 
lar, to start the main engines). iter a 
As for the unsymmetrical position of : 
the turbojet engine, this was chosen, ey Pee. ate 
Y o max (An-24) 


firstly, from design considerations: (prox- 
imity to the fuel tanks and other power-_ 
plant. systems) and, secondly, because. the - 
two symmetrically positioned AI-24 turbo- 
prop engines do not yield fully symmetri- 
cal total thrust as a result of the twist 
of the wash from their propellers. As a 
result, the An-24 airplane has a tendency 
to turn to the right that is especially 
strongly pronounced at low flight speeds 
with the engines running at full power. 


Figure 71. Plan View 
of An-26 Airplane 

and Dependence of its 
‘Rudder Deflection on. 
Flight Speed (as Com- 
pared to An- 24). 


The unsymmetrically applied thrust of the turbojet more than 
offsets this tendency and generates a yawing moment of 
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approximately the same magnitude but in the opposite direction — 

to the left. As a result, as Fig. 71 shows, the An-26 airplane 
requires a deflection of the rudder pedals in flight that is nearly 
equal in magnitude but opposed in sign to that required by the - 
An-24. Thus, flight with less than fully symmetrical thrust is /138 
the normal operational case, and not a special one, on certain 

types of aircraft. 


4. CLIMBOUT WITH PARTIAL AND UNBALANCED THRUST 


In. those cases in which the pilot has made late or dispropor- 
tionate..use of the measures. available to him for adjustment of the 
landing: estimate (these measures reduce basically to variation of 
powerplant thrust’ on modern aircraft), .the. uncorrected error in- 
the estimate will result in the airplane's approaching the ground 
not at the intended flareout point, but at some other point lo- 
cated more or less distant from the.beginning of the runway. 


An error in the position of the, flareout point will also 
shift both the point of touchdown and the end of the landing roll. 
The need to reckon with the possibility (and even the inevita- | 
bility) of such errors is one of the factors that have led to the 
construction of runways with a certain length margin beyond the © 
distances corresponding to the takeoff and landing characteristics 
of the aircraft to be operated in and out of the particular air- 
port. 


Within certain limits, therefore, scatter of the touchdown 
points of aircraft relative to the landing markers is normal. 
However, if the error in the landing estimate exceeds the permis- 
sible limits, especially on-the overshoot side, to a degree such 
that its correction is no longer a practical possibility and can- 
not guarantee that the rollout. will end with the airplane still 
on the runway, the pilot must make a so-called climbout for a _ 
second approach. For this purpose, the powerplant.is set to take- 
off power (a lower, e.g., the nominal setting may sometimes be 
adequate if the climbout is started early enough and if the air- 
plane has certain speed and altitude margins). If the speed of | 
the airplane has already been brought down below the value estab- 
lished .for transition to climbing after takeoff, it is again in- 
creased ‘to the latter value. The vertical rate of descent is 
brought down until the airplane has levelled out and begun to 
climb; this is followed by a'second landing approach. It.should 
be noted that even with the entire powerplant functioning normally, 
a climbout, like any maneuver executed in the immediate proximity 
of. the ground, requires quite crisp and well-timed actions on the 
part of the crew. In particular, the vertical descent rate must 
be zeroed: out without delay, but at the same time it is absolutely 
necessary to maintain the necessary forward-speed margin. | 


Nevertheless, climbout presents no substantial piloting dif- /139 
ficulties under normal conditions, and it is in any event safer 
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than landing with a gross error in the 
estimate. However, certain complica- 

tions are encountered in a landing ap- 
proach with partial and unbalanced a, 
thrust when a climbout becomes neces- | ' garry 


sary. Se a“ 
0 ee ee 


Most important among these com- 
plications is the fact that the power 


Vv 
(thrust) margin is further reduced 


from that available in route flight Figure 72. Required and 
with partial thrust. To estimate the Available Thrust Curves 
degree of this decrease, it must be of Airplane with Full 
remembered that not only is the avail- and Partial ‘Thrust in 
able thrust reduced as a result of Flight. and Landing Con- 
failure of some of the engines, but figurations. 1) Avail- 
the required thrust is also increased ~ able thrust with power- 
appreciably at the same time as a re~ plant in full working 
sult of putting the airplane into its’ order; 2) available’ 
landing configurations (lowering the thrust with partial 
gear and application of full flaps). powerplant failure; 3) 
Consequently, if the range of possible required thrust in land- 
flight speeds with acceleration (or a ing configuration; 4) 
positive vertical velocity) was en- “pequired thrust in 
closed between curves 1 and 4 (Fig. flight (cruising) con- 


72) in ‘flight with the gear and flaps: figuration. 
up and the powerplant performing nor-~ 
mally, this range narrows to the dimen- 
sions of the zone enclosed between 
curves 2 and 4 after failure of some of the engines, and, after 
lowering of the gear and flaps, to the segment between curves 2 
and 3, which is even more.confined both along the abscissa (speed 
range) and along the ordinate (power margin). 


j 


There are aircraft that lack even this small range in the 
landing configuration after failure of a certain (above-design) 
fraction of their powerplants. This means that they are totally 
incapable of climbing out when a particular number of engines ' 
have failed — say two of the existing three. In flying an air- 
craft of a given type, the pilot must be fully aware of the con- 
ditions (flight weight, number of out’ engines, setting of. their 
propeller blades, flap deflection angle 5 ps etc.) under which this. 


airplane can execute a climbout and second landing approach in ie 
event of an unsuccessful first approach. 
To endow an airplane with climbout. capability with some en- /140 
gines out, provision is sometimes made for execution of the par- 
tial- thrust landing approach with the wing flaps less than fully 
deflected (65 < SF ). This helps increase the available thrust 
ldg 


margin, although it also increases Vide. 
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In principle, an airplane's climbout. capability can be re- 
stored by such measures — taken simultaneously with application 
of takeoff power — as retracting the landing gear to reduce aero-.. 
dynamic drag and, consequently, the required thrust, and the ac- 
celerating. descent (the latter, of course, only if the climbout 
is begun at adequate altitude). 


THe: acceleration of the motion on an inclined path is. ex- 
pressed by the formula : 


r 5 t 
it ee ae 


jee(Fotsine ), 


where the plus sign in front of. the. second. term in the parentheses 
corresponds.to acceleration with loss of altitude, in which the . 
weight component helps, increase speed. On, the, other hand, the. 
minus sign in front of this term applies. for -cclimbing acceleration,. 
in which the weight component works against speed increase. In 
the case of level acceleration, the sine of the path. inelination , 
angle naturally vanishes. 

Modern civil and. military aircraft. have practically no. meca: 
to accelerate (much ‘less descend) in. order to execute a climbout . 
owing to the mandatory thirty-percent excess of the pandine =20i 
proach speed over the stalling speed. 7 | 


It is generally known that a premature SuriGut for a. zadond: Se 
approach presents a serious danger because of the possible loss. 
of speed. This applies in particular to climbouts with partial- ee 
thrust. 2. ie : 


As the above Poms shows... the BeeiG ar ion is. ii vectiy a 
related to the power margin AN, which is: substantially. below nor- 
mal in. a partial- -thrust elimbout. This makes it necessary.to = .:.. 
initiate the partial-thrust.climbout in good time, at. an altitude 
somewhat higher than the minimum climbout-decision altitude..estab- 
lished for the particular type of aircraft in landing apepoeanee 
oe the apeewren. in. full working order. 


The SHrowmaniy small acceleration, and. the ‘correspondingly - 
small longitudinal. g-force ny sensed by the pilot in a, partial- (i Gosae@ 


a> eeet 


thrust climbout may give him the false impression that the power- 
plant has failed totally. 


This error is most probable on aircraft whose snares are’ = #141 
mounted on the fuselage tail section. In this design, the noise | 
‘of the running engine is so faintly audible on the flight deck | 
that it is difficult to distinguish against the background of | 
slipstream noise. ' At the’ same time, most modern gas-turbine 
engines are characterized by relatively sluggish throttle response 
— the time for them to accelerate from idle to takeoff or maximum 
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power sometimes exceeds: ten seconds. 


Taken together, all of these factors may. cause the pilot to’ 
read the slowness of the running engines to come up to full thrust 
as an indication that full thrust is not forthcoming. With this 
possibility in mind, the pilot must not rely fully on his‘senses 
(perception of longitudinal g-force, audibility of engine noise, 
etc.) in operating the engines for a climbout, but must check the 
runup of the operative engines to the necessary power against the 
available instruments — tachometers, turbine-outlet gas-tempera- 
ture gauges, thrust or torquemeters, etc. (personally or through 
reports from other crew members). 


The above applies, of course, not only for a climbout, but 
also for the pullup during the landing approach and, in general, 
to control of thé powerplant in any stage of flight. - However, 
observance of this rule is" especially: important in a partial- 
thrust climbout owing to the presence’of the unfavorable combina- 
tion of small available’ longitudinal acceleration on the one hand 
and a shortage of time on. the other. — , 


As is shown by the curves in Fig. f2, the range of flight 
speeds with:partial and unbalanced thrust is narrowed with the 
gear and flaps in their landing positions not only by ‘the decrease 
in top speed, but also by a marked increase in:-the minimum speed. 
In other words, when the required and available thrust and power 
curves are shifted, their points of intersection move closer to- 
gether: the right- ~hand intersection point shifts to the left and 
the left-hand intersection point’ to the right. In the range of 
low flight: speeds, therefore, there may- exist a region (to the 
left of point A on the figure) in which the development of a 
positive acceleration in level flight with partial thrust is not 
possible. If he enters this speed range wi'th partial thrust and 
needs to climb out, the pilot will not-be able to execute this 
maneuver (unless, : of course, he has a considerable: altitude margin- 
for descending acceleration):. The complexity of the’ situation 
that has developed may: be further aggravated’ by the fact that the ' 
impossibility of climbout is unexpected: just: previously, after 
all, the airplane had definitely been capable: of lével or even 
climbing flight, having a velocity higher than that at point Ain /142 
the same configuration and with the same thrust deficiency. To 
avoid entering into this range during a partial-thrust landing 
approach, remembering that a climbout may.become necessary on 
any approach, flight speed should not be lowered below the value 
corresponding in the landing configuration to the boundary between 
flight conditions one and two: until. it is certain that the landing 
estimate has been successful. 


In the range of condition eed, required power ite | 
Sharply and the airplane lacks even the small poner margin that 
was available in flight condition one. 


pe 
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Observance of the approach conditions called for.by the ap- 
plicable manuals guarantees that the airplane will not enter this 
unsafe range. This circumstance-must ‘be. stressed:as. another il- 
lustration of: the generally known. proposition that -+the lowest . 
speeds that are allowed. to develop in-‘various flight situations 
(at a given weight and. configuration of the iairplane;, etc:) gen-.: 
erally greatly: ‘exceed the = minimum’ (stalling) epee . 


In executing. a climbout with. Gupetanced ihust. it. must also: 
be remembered that.everything said above .(in Sec: 2 of this chap- 
ter): concerning the pullup with unbalanced.thrust: also applies in. 
full:and, as a-rule, even more conspicuously. to the case of climb-. 
out. This is because the unbalanced-thrust moment is larger in 
magnitude in a ‘climbout ' than’ on _pullup, during which the running. 
engines are ieee reset to somie intermediate output and not to 
takeoff power. — Se oa Z - 


As a result, the’ rudder-deflection margin and pedal effort’ 
may prove .to be more critical during a:climbout than, during: pullé.: 
up. . : ; 


} 


The technique used to overcome’ these’ difficulties remains 
the same: a slight roll of the airplane toward the running engines 
provides the necessary. decrease in both the rudder, deflections 
required to maintain straight-line. flight.and in the accompanying 
pedal effort..-In contrast to-the pullup, the latter may be re-:: 
duced cunrne a climbout by . petTe cre the rudden. trim, ware P 


The above aspects of the. climbout. make it one. of tne most 
critical elements in flight with partial and. unbalanced thrust, 
one that requires special ‘alertness ‘and sure responses from’ the 
pilot and his strict observance of the recommendations arrived 
at from the flight-test data for ‘the particular. type of. airplane, | 
in particular the stated. speed values, wing-flap ‘positions , and! 
the minimum altitude’ at’ which ‘the -pilot has. the climbout option. _ 


5. LANDING ROLLOUT WITH PARTIAL’ AND UNBALANCED THRUST’ a 713 


As a rule, an airplane executes its landing roll with the 
engines running at idle or zero thrust. ‘Thus there should ap-' 7 
parently be no difference at. this stage in the flight between an’ 
airplane with a fully operative | powerplant and. an” airplane that 
has been landed with one or more engines out. | Actually, however, 
an airplane with some engines out of” operation retains certain | 
differences from the fully operative airplane in certain respects 
even during the rollout, and’ highly undesirable consequences may 
follow if they are ignored. 


‘We pointed out above (in Sec. 2 of this’ chapter) that it is 
desirable during the landing approach to turn the rudder tab to 
a neutral or near-neutral position when it has been deflected in 
unbalanced-thrust flight through the angle necessary to. relieve 
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the pedal effort. 

In’ many cases,. ‘this: re commendation can be followed only in 
part. Thus, if the effort.is so great. in -unbalanced-thrust flight 
with the trim tab in neutral that.it impedes precise and commensu- 
rate pilot actions, it is necessary. during.the approach to the 
ground to return the trimmer not to neutral, but to some inter- 
Mediate position at which the pedal effort on the last segment of 
the approach to the grourd.remains within surmountable limits. 

Such a.situation is-illustrated in Fig: 73. Suppose that it was 
necessary in .unbalanced-thrust flight to give the rudder 4a‘ certain: 
deflection 6 rl and apply the corresponding effort: FP rl at the pedals. 


To reduce.the pedal effort to zero at this deflection, the pilot 
deflected ‘the trim tab _through | an’angle T,,. As he approached the 


ground, the pilot reset the tab to a position T 
Trl and T pao. To maintain. the necessary. rudder deflection 6 rl? he 
Was Bega ca: ‘to:apply ‘an. effort: Ps nO" - Fo: the pedal.: After :-the thrust 


of the running engine was cut prior to landing, it was necessary 
to return the rudder to.a near-neutral position (6 eae 0) in order 


to keep the airplane moving in a straight::line. If the rudder tab 
were also in neutral, the effort.at the pedals would also be near 
zero.. But. since in our case, for.the reasons set forth above, the 
tab was reset not to neutral, but. to some: ‘position Td intermedi-. 
ea and neutral, the pilot, having throttled back, 
finds it necessary to overcome. a new. force as r3 in the direction 


Opposite — to. ‘that which, he had. overcome before throttling back. 


r2 somewhere between 


ate between T 


The sign reversal of .the rudder-pedal effort, coming. after | 
the entire period of unbalanced-thrust flight, during which the S144 
Pilot was kept very busy fighting a tendency to yaw toward the 
out engine, requires a certain amount of rather fast internal 
_ reorientation. Any. delay. may result’ in a turn toward the running 

engine during the rollout. — 


A number of devices are used on ‘modern aircraft to hold to 
the direction of rollout: the rudder (basically at the early 
Stages in the rollout, when the speed is still relatively high 
and the ‘aerodynamic control surfaces have not lost: effectiveness), 
main-wheel brakes, the steerable nose truck OF the landing gear, 
and engines situated outside the airplane' S ‘plane of symmetry, 
which the pilot can set to various rpm (thrust outputs ) as desired. 


In a rollout with partially inoperative powerplant, the last— 
named of the above devices for holding the roll in a.straight line 
is not available, or, in any event, the possibilities for its. use 
are severely limited. Partial retention of directional-control 
Capability with. the engines during the rollout is possible only 
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if at least one symmetrical 
pair of ‘engines -has remained: 
“operative (for éxample; both’ 
-inboard:-:or both outboard en=-:.- 
“i pines. of a nour MELE: air-* 
plane). | * 


‘The flight | -aanae Le: “for oa 
most turboprop-engined air- 
. - ieraft have ‘beén written -with 
- 5 S.a-view to ensuring: the. highest 
oSeee possible symmetry of-decéle-''- 
‘ration by°the propellers, .by - 
“taking-them off their inter-. - 
7: mediate: detéits- on the. ground. 
Figure 73. Pedal Effort P,, as and resetting the engines to 
a Function of Rudder Deflection ground idle thrust. Thus, 
Angle S.. With Various Trim-Tab for example, if the No. l or 


Positions (Illustrating the ia sealed 2 a sieht 
Causes of Yaw Toward the Run- BED OPFOR Fe prete 08 an ere 


the propellers of the No. 2 
= with a wea ana and No. 3 engines provide de- 

celeration over most of the. 

rollout. Deceleration * 

with the propeller on the en- 
gine symmetrically opposite to the out engine is in all cases (and 
especially on two-engined aircraft) strictly regulated according 
to speed, down to the point at which the propeller is taken off 
its detent and the engine itself is reset to ground idle at the 
end of the rollout, at a speed of about 40-60 km/hour. 


Here it is also necessary to take account in each specific 
case of the conditions under which the directional-control ele- 
ments — the nose-wheel truck and the main-wheel brakes. ~— work on 
the ground. In executing a landing with unbalanced thrust on a 
wet or icy runway, special attention should be given to maintain- 
ing balance between the propeller drags of the running and non- 
running engines (or, more precisely, to keeping the inevitable 
imbalance from exceeding the permissible limits). 


Yet another circumstance must be remembered in regard to the 
landing of turboprop aircraft with unbalanced thrust. An inopera- 
tive engine of a piston-engined or turbojet aircraft continues to 
develop a certain amount of drag — though a substantially smaller 
amount than in flight — during the landing roll, and the running 
engine symmetrically opposite to it also develops a certain amount 
of thrust even at idle. With propeller-driven and turbojet air- 
craft, therefore, the tendency to turn toward the inoperative en- 
gine will persist during the rollout, although, needless to say, 
it will be much weaker than it is flight. 
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The turboprop airplane is another matter. If the propeller 
of. the inoperative turboprop engine is feathered and the running 
engine symmetrically opposed to it is reset to ground idle, the 
drag.of the. feathered propeller is found to be smaller than the 
propeller drag of the idling engine, especially if the propeller 
is off its intermediate detent. As a result, the turboprop air- 
plane develops a tendency to turn not toward the inoperative en- 
ene but toward the running engine during the landing roll. 


‘As. we have-shown, this. tendency ean be offset by the means 
available ‘to the pilot, but only provided that it does not come 
as a surprise to the pilot. Otherwise, the change from a ten- 
dency of the airplane: to turn .in one direction to the direct. 
opposite may cause the. airplane to swerve suddenly to one side, 
and eS even run off : the SUN AY’s 
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Chapter. V /146 | 
TAKEOFF WITH PARTIAL AND UNBALANCED THRUST | 


1. GENERAL CHARACTERIZATION OF TAKEOFF WITH PARTIAL AND UNBALANCED 
THRUST. TWO TAKEOFF-RUN Peon ee TECHNIQUES COMPARED IN THE - 
CASE OF ENGINE FAILURE 


In aviation practice, a takeoff with partial and unbalanced 
thrust 1s regarded in almost all cases only as a last resort. . 
Such takeoffs may be made if one of the engines fails at a point 
Guring the takeoff run at which aborting the takeoff is no longer 
a practical possibility or would definitely involve a greater risk 
than lifting off with partial and unbalanced thrust. The deliber- 
ate takeoff with partial and unbalanced thrust is an extremely 
rare exception and will be discussed separately below. 


Engine failure during. takeoff ‘has long been. correctly re- 
garded in aviation as one of the most complex and dangerous spec- 
ial situations that a pilot can encounter. True, the probability... 
of such failure at the present reliability level of aviation power- 
plants is negligibly small. The takeoff of an airplane requires ~ 
a relatively very short time, on the order of tens of seconds. 

It is even less probable that an engine failure, which is a highly 
improbable event to begin with, could occur presisely during this: 
very short time interval, the more so since takeoff is immediately 
preceded by thorough inspection, checking, and performance-testing 
of all engines, a procedure that lowers even further the proba- 
bility that a significant defect will ‘make its appearance in one. 
of them during the first few minutes after its performance. With. 
gas-turbine-engined aircraft, which have powerful braking systems,’ 
there is an opportunity to run the engines at takeoff or near- : 
takeoff power with the airplane at a standstill, thus verifying 
the condition of the powerplant immediately before starting the /147 
takeoff run, at: the same setting at which the engines will be 
running during takeoff. 


Taken together, all of the above greatly improves the per- 
formance reliability of the airplane's powerplant during the crit- 
ical takeoff stage in the flight. Nevertheless, the possibility 
of engine failure during takeoff may not be ignored altogether, 
and for this reason the pilot must always be fully prepared, both 
technically and psychologically, to act confidently and without 
errors in such event. The very categorization of various pilot 
actions as error-free (or, on the contrary, erroneous) must not be 
based on any sort of qualitative estimates, but on the results of 
extended flight tests that have been worked up to specific recom- 
mendations and the corresponding strictly defined instructions. 
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Particular importance attaches to study of the takeoff with 
partial and unbalanced thrust as a design case that certainly ex- 
ceeds in complexity any other practically possible flight situa- 
tion arising out of Pat vaot powerplant failure. 


Actually, at least three complicating ei cunebances geise 
simultaneously on failure of a lateral engine during takeoff: 


— the largest absolute value of the unbalanced-thrust moment 
M = P*z,; owing to the fact that P = P during takeoff; 
u.t maxX 
— lowered effectiveness of the controls (especially in the 
directional plane) owing to the low speed; 


— the most stringent requirements as to the. ppavectow and 
dynamic parameters of the motion that follows. 


While a temporary deviation of the airplane from the initial 
values of speed, altitude, roll, and yaw, with a subsequent return 
to steady values of these parameters (and, in a number of cases, 
e.g., speed and altitude, even lower-than-initial values) may be 
permitted after an engine failure at a certain stage in steady 
flight; the direction of motion along .the runway axis must be 
kept practically unchanged during takeoff, and the longitudinal 
acceleration must.ensure that the normal takeoff distance will 
not be exceeded if the takeoff is continued or that the airplane 
will stop on the remainder of the runway if the takeoff is aborted. 


Therefore, for an airplane whose controllability and power 
reserves provide for.a favorable outcome inthe event of partial 
thrust failure during takeoff, assuming correct responses on the 
part of -the crew, this outcome will be the more favorable if a 
lateral engine fails in any other flight conditions; this gives 
grounds for regarding the ‘first of the aforementioned cases as the 
design case. 


Failure of one engine is taken as the design case in investi- /148 
gating takeoffs with partial and unbalanced thrust for aircraft 
with from two to four engines, i.e., in effect for most of the 
world's aircraft. 


This assumption: is backed up by the extensive statistical 
material available, according to which such a coincidence as fail- 
ure of two engines independently of one another during a time in- 
terval of a few tens of seconds is so highly improbable at the 
present service lives and reliabilities of aircraft engines that 
it need not be reckoned with in practice. This,applies, of course, 
only provided that the engines mounted on the airplane and their 
systems (fuel-supply, lubrication, air-intake, engine-control, 
and others) are indeed mutually independent and, consequently, 
simultaneous or nearly simultaneous failure of two of them can 
occur only as a coincidence and not as a result of failure of 
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the first engine. As a result, adoption of the design features 
needed to ensure mutual functioning independence of the individual- 
engines and their systems during the design of the airplane; fol- - 
lowed by comprehensive practical verification of the effective- = 
ness of these.measures during ground (including static). and flight 
tests, are mandatory. elements in the process: in ;which a ‘modern | 3 
multiengined aircraft is HeveLapets } : 


For each aircraft, it is ‘possible to establish an angle of’ 
attack (which,. generally speaking, varies along the takeoff run) ; 
at which, in a’ given state of the surface, 1.6.5 ata given | value ': 
of the friction coefficient f between the tires and the surface , ; 
the total drag during the takeoff run will. ‘be’ minimized.-: This~ 
total drag is made up of two basic components: aerodynamic drag’ 
and the frictional. drag of the tires against: the surface.*- The: ae 
thrust margin AP = P - Q - f(G -'V) is ‘found to be largest when -- 
the takeoff run is executed ata’ certain optimum angle of attack 
and, consequently, the run is shortest in this. case. . 


Existing aerodynamic-calculation pachnieues Sestne sufficient- 
ly accurate determination. of this optimum angle of attack and itis: 
optimum variation during the takeoff run for each airplane. and * 
each state of. the surface. | However 5. it is found when such a cal- 
culation has been. performed that any practically possible’ devia- 
tion from the optimum angle. of attack (i.e. >, DY +2°-3°) has’ almost — 
no effect on: the takeoff- -run characteristics. 


This is because the aerodynamic drag of the airplane is found sng 

to be somewhat higher. than the minimum possible if the takeoff run. 

is executed at an-angle. of.atack larger than the optimum, but, on 

the other hand, the force of friction between the ‘tires and the 1) 
surface is. simultaneously reduced, since this force (like any -) 

other frictional force) is directly dependent on. the normal force 
pressing the wheels against the ground. The normal force, on the - 
other hand, decreasés with increasing angle of attack because: most 

of the airplane’ s weight is offset by the lift of the wing and is’: 

not transmitted EO: the landing- gear wheels. 


The picture. is reversed for a takeoff run executed at an angle: 
of attack smaller than the optimun. The aerodynamic drag faerceace 
as compared with the above case, but. there is a corresponding in- — 
crease in wheel friction ‘because the wheels must carry a corre — 
spondingly pmae: fraction of the airplane’ S weight. 


It is. found as a result that the changes ‘in the aerodynamic- : 
drag forces and the. forces of. friction between the tires and the 


*¥It is assumed here that the runway surface is horizontal and, 
consequently, there is no need to’ take account of: the work (posi- | 
tive or negative) required to change | the airplane! S. ‘potential 
energy during the takeoff run. 
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surface. compensate (or, more. precisely,” almost’ compensate) - one ari- 
other 5G 6 a rather broad. range. oF, takeof f-run. angles_ of attack, 
so that their sum | changes very ‘insignificantly. 


To the above’ we should ada. that: only 15- 20% of the” ‘total 
amount of energy expended during” the airplane's takeoff run is 
required to overcome both of the above forces. The remaining 
80-85% are used to overcome. the inertia of the airplane, i.e. 
to accelerate,.it. ‘If .we. picture a hypothetical airplane: that 
could ._ take off in. airless space and in the absence of friction 
(i.e., in. the absence of both wheel friction and’ aerodynamic oe 
drag), accelerating. this, airplane from zero, to’ a’ speed equal. to' 
the liftoff speed of its real. prototype. would take only 4/5 of the 
energy actually expended in. taking this! prototype off.under real 
conditions. Thus , even a. certain imprecision in ‘compensation of 
an increase in. one of. the. forces iimpeding acceleration by a de-' 
crease in the other has, ‘on the. whole’, an extremely smal 1 effect” 
a characteristits. : 


” Probably the only. exceptions are takeoffs’ from: ‘loose dirt 
strips or from deep snow, when the fraction of’ gear drag in the 
total balance ore forces acting on. the airplane increases © sharply 
and makes a takeoff run at. a relatively large’ angle of attack 
("with the tail half. down") much moré advantageous than one: at the 
optimum angle, not to mention, a still smaller’ one. ‘However, | 
modern multiengined aircraft seldom take’ off from such surfaces, 
and this. oe: why. these cases mus t be regarded only as exceptions. 


tn che overwhelming. majority. ‘Of cases ,, therefore, the take- {150 
off distance does not depend very strongly on the angle of attack 
at which the run. is made. _ However, the angle’. at which the air- 
plane lifts off the ground. is by. no means ‘a matter of indiffer- 
ence. Other. conditions ‘the same, the Ai ftore ‘speed and hence also 
the takeoff distance a precisely on ‘the takeoff angle of 
attack... 


To take off in the normal distance, the pilot mise Wave es- 
tablished the predetermined angle of attack by the time of lift- 
off.. .On the other ,hand, the manner in which this attitude is 
reached from: the initial parking ‘attitude during the takeoff run 
is determined in. practice not so much by the established optimum 
angle of attack as by the. limitations applicable to the speed at 
which the landing-gear nose wheel can be in contact with the run- 
way or, in .the absence of such limitations, by considerations af- 
fecting the simplicity_,and convenience of, piloting, and in par- 
ticular by the amount of’ directional controliability - retained by 
the airplane.on failure of a side engine during the takeoff run. 


In all ‘cases,. the initial stage of ‘the takeoff run is executed 
in the ‘parking attitude of the. airplane, ive., with the airplane 
resting on all landing-gear struts; since low-speed longitudinal 
controllability is not sufficient for changes in the pitch-angle 
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attitude of the airplane. This..makes it possible. to hold to,a. 
straight-line takeoff run whilé the rudder is still ineffective by. 
steering the nose wheel. or jabbing at the. main-wheel brakes. 


oof After the speed at which the ele-.. 
ee .. vator “becomes. effective has ‘been reached, 
OM, (Mp) . the pilot can lift the nose of the air-’ 
plane to-the : attitude , corresponding to 
the chosen. angle of attack and” complete _ 
the takeoff. run on. the. main wheels’ with: 
the, nose lifted. - 


Richer However, analysis shows that the’ 
4M; (N,) longitudinal stability of an airplane 

f with nose wheel is lower in motion along 
the ground on the main wheels than that 
of an airplane with a tail wheel. Main- 
tenance of a constant pitch angle there- 
fore requires. more attention and more 4... 
frequent intervention in-control. on the 
, | - part ofthe. pilot. in the former case | 
Figure 74. Longitudi- than in taking off. an airplane of the, 


nal Stability During old "two-wheel" type with its tail ‘up. 
Motion Along the This is perhaps the only piloting ele- 
Ground on the Main ment in which the tricycle gear com- 
Wheels. a)’ Airplane pares | unfavorably with the tail-wheel - 

with tail wheels;:b) SE CATS ox 
airplane with nose vs 
wheel (with "tri- ~ Figure - 24: shows: bus aircraft: chat: 
cycle" landing gear). are completely identical in dimensions ,-:.:-- 


weight; external outlines,‘ stability -. iz 

characteristics, and all other: -mechnani- ....». 
cal and aerodynamic parameters, | except for landing-gear design: nes 
one has a-nose wheel and the other a tail°wheel. As i8 Seen..from ©”. 
the figure, the normal ground reaction force applied to the main 
wheels will generate a stabilizing moment that helps increase {151 
longitudinal stability in the case of the tail-wheel airplane, oe 
but, on the other hand, a destabilizing moment detrimental to : 
longitudinal stability in the case of the nose-wheel airplane.’ 


To verify this it is sufficient to imagine that the angles 
of attack of both of these airplanes have changed in the same 
direction, say in the direction'of an increase, for’ some random 
reason. This results in an increase in lift. The fraction of 
the weight on the wheels and, ‘consequently, the normal ground- 
reaction forces decreasé accordingly, and, consequently, the mo-.. 
ments generated by these forces: about the center of gravity also 
decrease. But in the case of the tail-wheel gear, the moment: 
tends to pitch the airplane up'and its decrease will tend to re- 
duce the angle of attack, i.e., to return the airplane to its 
original attitude. In the case of the tricycle gear, on the 
other hand, the moment of the normal fou reaction POECes about 
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the center of gravity acts in the pitchdown direction, and its 
decrease causes a’ still greater increase in the angle of attack, 
i.e., it aggravates the original random deviation. 


The-‘above does not, of course, imply that all airplanes with 
tricycle gear are longitudinally unstable during the takeoff run 
with the nose wheel lifted. The moment from the landing gear is. 
not the only longitudinal moment acting on the airplane during the 
takeoff run. There are also moments from the wings, fuselage, 
powerplant thrust, and, most importantly, the tail, the interac- 
tion of which is what determines the sign and degree of the ain= 
plane's stability as a whole: 


SMM gt Mie Mp tly 


z wel! 


‘However, other conditioris the same, an airplane with tricycle ¢ 
landing gear actually does havea much lower degree of longitudinal 
Stability during a takeoff run on its main wheels than an airplane 
that is similar to it in all other respects but has tail-wheel 
gear because we invariably have Mee > 0 in the former case and 
O, 
Mee < 0 in the latter. 

The effort to relieve the pilot of the extra work and atten- /152 
tion required to hold a tricycle-geared airplane at a certain 
definite pitch angle during the takeoff run was one of the fac- 
tors leading to the appearance and extensive use of a new piloting. 
technique during takeoff. In this technique, the pilot executes 
most of the takeoff run in the parking attitude (on all landing- 
gear struts) and lifts the airplane to the takeoff angle of attack. 
with a smooth steady motion only when the liftoff speed is being 
approached, thus forcibly lifting it off the ground. 


This piloting technique enables the pilot to divide his atten- 
tion only between the airplane's direction of motion along the 
runway and the performance of the powerplant during the takeoff 
run, thus ensuring better performance of these two extremely im- 
portant piloting elements and, at the same time, requiring less 
expenditure of neuropsychic energy by. the pilot. 


In addition, this takeoff technique ensures better controll- 
ability in the event of failure of an engine outside the airplane's 
plane of symmetry during the takeoff run: the pilot can keep the 
machine from yawing not only by using the rudder, but also by fan- 
ning the wheel brakes on the side opposite the inoperative engine, 
as well as by employing the most effective means for directional 
control on the ground — the steerable nose truck of the landing 
gear. 


For these reasons, this piloting technique is now quite com- 
mon, and is employed on most modern aircraft, both single-engined 
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and multiengined. In some flight manuals, this method is the. only 


one authorized. Thus, the "An-12 Crew's Manual". (1965) states that 


“Safety in takeoff requires that the takeoff run be made on all 
wheels. ‘And the takeoff position recommended for the elevator 
trim tab of the Tu-104 airplane was. even. chosen so as to ensure a 
certain. compression of the. nose wheel against. the runway surface 
during the takeoff run — an amount acceptable from the standpoint 
of strut strength, but still sufficient to give a marked increase 
in its effectiveness as a means of directional control. This last 


is especially important in the event Of | a, en takeoff follow- 


ing failure. of one of the engines. : 

e. ABORTED-TAKEOFF DISTANCE. DISTANCE OF CONTINUED TAKEOFF WITH 
PARTIAL. AND UNBALANCED THRUST. CRITICAL TAKEOFF-RUN SPEEDS 
(FIRST AND. SECOND ) 


The relation between the distance that has. been - covered by. 
the airplane (or by. any other moving body) and the. speed that it © 
has developed is expressed for a given positive or negative ac-. 
celeration by the formula 7 e 


L=> | =. (2) 


where Vi is the initial velocity of the motion (in a normal land- 
ing, Vi = Viag3 in an aborted takeoff V1 is the speed at which the 


thrust of the running engines is cut and deceleration is started) ; 
j is the acceleration in the motion along the ground (in the case’ 
of deceleration, the acceleration is negative, j < 0); V2 is the- 
final velocity of the motion | “tor deceleration to a stop, 
V2 = 0) 


The limits of integration in ‘the formula correspond to the 
initial and final velocity values on the segment of interest -to™.- 
us. In accelerated motion, 1.e., with a positive value of the ac- 
celeration j, the initial velocity is smaller than the final velo- 
city. In the opposite case, when the motion is decelerated, the 
initial velocity value is larger than the final value. 


The negative acceleration during rollout along the ground ‘is 


Spee BO Pe 


where Q is the airplane's aerodynamic drag (including the drag of 
turboprop-engine propellers or reverse thrust, if used on the par- 


ticular airplane, and also the drag of drag: parachutes if they, are. 
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used during ‘the rollout. under normal or' emergency conditions) ; 
F is the friction of the -Landing- ‘gear wheels , which equals: eG) 


It follows from (11) that the: rollout distance after abor- 
tion of a takeoff depends strongly on the speed that has been 
built up. ‘At a certain: time during: the ‘takeoff run, speed gener=- 
ally reaches a value (we shall call it’ the critical value) at 
which a distance equal to the remaining available runway length 
(which consists of the runway proper and the clear zone) is re- 
quired to lose’‘the actumulated speed. Aborting a' takeoff at a 
speed above critical will result in the airplane's running out ' 
of available, ae URw ays he 

From “the ‘pitent- aes ees special ‘interest ‘eteaches 
to the case in which the critical speed would be identical -to the 
liftoff speed. This would mean that the takeoff could be aborted 
safely at any Stage during the takeoff run, right up to liftoff. 
‘However, satisfaction of: this requirement would require extremely. 
long runways.* ‘Moreover, as will: be shown below, the necessary 
degree of takeoff safety can be provided in other ways without 
meeting the above extreme requirement. 


™~ 
-- 
WI 
To 


On the takeoff run, whose length can be computed by the same 
formula, the acceleration is, in contrast to the rollout case, 
positive, and quantitatively equal to 


pases | 
or v= f(G—Y)}, 7 


t 


while. ‘the Limits of ‘integration in the case of a normal takeoff 
are respectively “V4. = 0 and V2 = Vijo: 


If, howe ver, one of the “engines fails during the takeoff run 
and takeoff is not aborted, but continued, the takeoff run will © 
naturally-be longer; it.can.be calculated as the sum of the 
lengths ot vO segments: 


ee 1 3. aie L Li a ew 


“contd ~ 


The- normal acceleration, which .provides. the full thrust mar- 
gin AP = P-Q- f(G@ - Y),j prevails on the first of these segments, 
while the second segment is characterized by a lower acceleration 
corresponding to partial thrust and, in some cases (for example, 


*In the general case, the relation van > Vi /o: Might also prevail; 


takeoff could ‘then be: aborted successfully even after liftoff. How- 
ever the principal implication of this would be that the.airplane -. 
is being operated on an airport too large for it. 


2 135 


with a windmilling turboprop propeller), an increased drag Q. The 
limits of integration on the first segment correspond to zero velo- 
eity and the velocity at which one eiesne failed: : 


Va = O05 Vo 0* Vegi} 


and those on the second segment to the speed at ror TUre and. lift- 
off speed: 


Vi = V Vo = Vi 3: 


fail? "1/0" 


As the above formulas show, the basic quantities determining 
takeoff-run distance are the Poeene. Tepes? Vi /o and the thrust, — 


margin AP on the takeoff run. 


The liftoff. speed in a partial-thrust takeoff is practically 
the same as its normal value. (disregarding the comparatively. small 
effect of the change in the vertical thrust component and the in- 
fluence of the change in swept wing area on propeller-driven air- 
craft). On the other hand, the takeoff-run thrust margin decreases 
extremely sharply after failure of one of the engines, with the (£155 
result that the acceleration is found to be substantially smaller. 
than in a normal takeoff. The greater the fraction of the takeoff 
run covered with partial thrust, the greater, naturally, will be 
the increase in the distance. travelled by the se a on the — 
ground before liftoff. 


In the general case, there exists a speed at which engine 
failure will lengthen the run by just enough to. place the, point 
of liftoff near the end of the runway.* If the engine fails at.a 
lower speed, the airplane will not be able to lift off the ground 
inside the airport. But in all cases of engine failure at speeds 
higher than that indicated, there will definitely be enough run- 
way for a partial-thrust. takeoff and the airplane will leave the 
ground before reaching the end of the. runway. 


If the value of this speed (which is also critical, although 
in a somewhat different sense than in the preceding case) equals 
the value of the liftoff speed, this means that the airplane will 
not be able. to lift off before reaching the end of. the runway, 
even if it encounters a failure of one of its engines during the 


- 


*Naturally, liftoff exactly at the end of the runway cannot be re- . 
garded as acceptable in practice for safety reasons. It is there- 
fore necessary to consider that liftoff has occurred "near" the 

end of the runway if the airplane is already in the air over the 
outer end of the runway and has succeeded in gaining a few (4-5) 
meters of altitude. 
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very last stage in the takeoff run. If, on the other hand, the 
critical velocity (in the. latter sense of the word) is zero, the 
airplane can take off even if the entire takeoff run is performed 
with one engine out. From the standpoint of flight safety, this 
capability would also be extremely attractive, but it would re- 
quire a disproportionately long runway for most existing airplanes. 


However, as we know, takeoff is not completed by liftoff from 
the ground, even if this. occurs successfully. within the limits of 
the runway. In addition to the ground segment of the takeoff, 
there is also a segment on which the aircraft is airborne. The 
total length of these two components — from the start of the take- 
off run to attainment of a certain specified altitude (usually 
10 meters) with simultaneous acceleration to a speed that ensures 
safe execution of the initial climb is called the takeoff distance. 


It is. necessary for an airplane, after leaving the ground 
with one engine out, to begin climbing at a trajectory inclina- 
tion angle (or at a rate of climb) such that the maximum takeoff 
distance stated by the applicable standards will not be exceeded. 


‘In'certain cases, satisfaction of this requirement requires 
acceptance of a certain deterioration in ‘normal takeoff character- | 
istics even with the powerplant fully operative. In the final 15 
analysis, this compromise proves advantageous. On the Tu-124 
-airplane,: for sa Gee a decrease in the takeoff flap deflection 
from Sp ples 20° to: Se 't/o = 10° improved the characteristics 
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of a sent inued takeoff with. one engine running to a degree such 
that it was possible to increase the takeoff weight (and hence the 
payload) by two tons, although the normal-takeoff distance was 
lengthened by 150-200 m. It was also found advantageous to go 
from 5 ee. = 25° to Sp ej. 15° :for the An-10 airplane; this 


increased the rate of climb at safe continued-takeoff speed by 
approximately 1 m/sec. ee aed this also increased liftoff 


speed (from the condition Vi Jo > 1.07V stall and, consequently, 


the length of the takeoff run (by 9-10%). However, there was no 
change in required runway length, since-this is determined pri- 
marily to support aborted and continued takeoffs in the event of 
engine failure. 


It should be noted that the conditions minimizing takeoff 
distance and takeoff run need-not coincide in principle. Thus, 
for example, a decrease in the takeoff flap deflection angle on 
certain types of aircraft, while it increases liftoff speed and, 
consequently, the ground Gistance for a continued takeoff, at 
the same time improves the after-takeoff climbing characteris- 
tics so greatly that the takeoff distance becomes, on the whole, 
shorter. 


Generally speaking, it is impossible to find the optimum 
compromise solution (in the above example, to select the flap 
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deflection angle) without considering the specific. characteristics 
of the airport. If the latter has runways ‘of limited length,’ ‘but’ 

is located in open, flat, obstacle-free terrain, our first - concern’ 
should obviously be to shorten the takeoff run as much as:: eseipies: 
without attaching special importance to the trajectory inclination — 
angle and the rate of climb in the subsequent ascent. On the’ 
other hand, for takeoffs from an airport having a long runway’ but - 
relatively high and close-in obstacles; it would be natural CO 22% 
proceed with emphasis on the greatest possible reduction’ = the: 
takeoff distance. : 

TA practice, the need to. sane this decision arises | quite. att a 
frequently: operational history ‘has shown that the latter case’ ~ ea 
is much more common than the former. Hence the entire technique aa 
for performance of: a.continued takeoff, which is stated in detail 
for each.type of airplane. (flap deflection, liftoff speed, safe. 
initial climbing speed, etc.) is, as a rule, subject to the con- °° 
dition es the: takeoff distance. be made as ‘short as’ possible. oe 


Regordingiy. it is also sue conan to cheat the critical’ hist 
tinued-takeoff speed as the lowest speed at which failure of one' 
engine leaves the airplane capable not only of lifting off while. 
still on the runway. and crossing the far end'of the runway’ with: /157 
several meters of altitude, but” also. of staying within the estab— 
lished takeoff distance Leo: 2 7 Nt 

The increasé in the aerial seginent: of. te ina continued | ) 


takeoff as compared with a normal takeoff on full thrust. can be. a 
estimated with accuracy sufficient for practical purposes by the-'..::. 
formula 


ao. 4. 
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where V is the average forward speed on. the seginent ‘from liftoff 
-to the point at which an altitude of 15 mis reached (it is as— 
sumed that this speed is the' same in takeoffs with full and par-.. - 
tial thrust); Ve ag r.¢ 18 the average rate of climb on this seg- - 
en 
ment in a normal full-thrust takeoff; Vy av p “g: is the average - 
rate of climb on this segment “dn: a partial- -thrust takeoff. : 


ay 


Thus, the existence of, as it were, two different meanings 
of the term "critical takeoff speed" emerges from our examination 
of both aborted and continued takeoffs. ‘One of them is the 
critical speed of continued takeoff, after attainment of which 
‘the takeoff can be continued in spite- of failure of one of,the 
engines, and the other is the critical speed for aborted takeoff, 
on attainment of which takeoff can be eouued Serer a: 
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In certain sources (see, 
for example, [19])., thesé char- 
acteristic speed values are ~ 
called-the. first and.second 
critical. speeds, respectively, 
and the path segments covered 
by the airplane during the. 
takeoff run from the. starting 
point to the point at which 
these critical speeds are 
reached are known respectively 
as the first and second. eriti- 
cal takeoff-run distances of 
the eee D Pane: 


Figure 75. Variation of Speed 
>V- Over Distance L Covered in 
the Event of Engine Failure 
During the Takeoff Run; for: 
Aborted and Continued Takeoffs. 


Nos 


continued takeoffs. gee 3 


Figure 75 presents. s che- 
matic curves relating the 
takeoff-run speed. to. the dis- 
tance covered by the airplane 
in the cases of aborted and — 


The values of. the first and. second critical takeof f- -run 
speeds, usually. lie. somewhere between zero and liftoff speed, al— 
though, as we have noted, there are low-powered aircraft that are 
capable, when operated at large airports, of aborting takeoff 
even after they have left the ground — landing and completing 
their landing rolls within: the available runway length. However, 
it is Bena, ee consider this case as in any ‘degree char- 
acteristic. , ti 


If the two critical speeds are equal, the takeoff is said to 
be balanced. The distance required for safe execution of such a 
takeoff is accordingly also referred to as balanced. In this 
case, the critical speed, determined by the intersection of the 


curves Leonta and Leone (Fig. 76) marks the boundary between the 
V 


region in which the takeoff must be. aborted (at Veail < a 


and the region in which it is equally obligatory to continue it 
(at Veaiz > Vop):' The balanced-takeoff. distance is of decisive 


importance-in™  eeceuaiine conformity. of .:.a certain specific air- 
port to the requirements.for operation of a given type of air- 
craft (at a given weight and under given weather conditions). 


In practice, chowever, the ‘balanced runway length may .differ 
(more precisely, it almost always. differs). from that actually.. 
available. If the actual length is greater than the balanced. 
length (Ly avail > Lye a? then; as we. see from Fig. 76, we obtain 


a certain range of nee AV, within which the takeoff may be 
either aborted or continued, instead of a single speed value, 
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$$. 
Verbal “safe* “fail: 


eae Pa rae 
Only abortion of | Only continuation of | 
seer Pos- takeoff possible 
sible 


i; Only abortion Takeoff may be! : 

of takeoff pos- either aborted | Only continuation of 
sible == = ~— orcontinued | takeoff possible 
| : : 


| :Correct decision: = , 
, abort takeoff . 
AV 
: l and 
Lavaili< Lpal Pe en eh 
, ye ae, ona < 
Only abortion of _ Only continu- | 
/ takeoff possible / ation of take- | 


off possible 
Takeoff can be welihies ise 
aborted nor continued 


Figure 76. Illustrating the Concept of the 
Balanced Takeoff and Possible Deviations 
from it. 


Needless to say, there is only one correct decision in the 
event of engine failure within this range, i.e., when a free © 
choice is available: the takeoff must be aborted. In taking this 
position, we arrive at an unequivocal interpretation of the notion. 
of the critical takeoff speed eae as the highest speed attained 


during takeoff at which, in the Ma ouek of failure of the critical 
engine, it is feasible: either to-abort the takeoff within the — 
limits of the available runway length or to continue 1x 


It is precisely this value that the pilot must be certain 
of in any takeoff (from a particular airport, under given weather 
conditions: and at a given aircraft weight); the takeoff must be 
aborted in all cases of engine failure before this speed is 
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reached and continued if’. the failure occurs etter it is reached. 


However, the very ase bees of the: segment AV, indicates that 
there is a certain margin of runway length that may not be used in 
the event of engine failure: during . takeoff.of an. airplane of the 
particular type at a given weight: and at. given air-temperature and 
-density values. 


The situation is reversed AL the actually available runway 
length is shorter than the balanced ‘length (Lo. setae Leal: 


Then the failure speed at which it is just possible to’ abort the - 
takeoff is found to be-lower than: the speed at which it first be- 
comes possible to continue it. “In other words, a speed range 

AV2 emerges within which an engine failure would place the pilot 
in a highly critical situation: it would be equally impossible 
either to abort or to continue the takeoff... Needless to say, 
this situation. is categorically unacceptable in the operation of 
passenger, sport-trainer,. and other civil aircraft. 


If it is found in sompueine. ‘the. parameters of an upcoming 
takeoff that there is. such a "desperation" segment on the takeoff 
run, the airplane's takeoff weight must be reduced to a figure 
such that the speed ranges in'‘which the takeoff can be aborted 
and continued will at least be coterminous, gaat point V. , if:not 
overlapping. 


Here it is proposed that. a "safe" outcome. of an aborted take- 
off be defined as a full stop within the limits of the available 


airstrip length avail? shich includes , in. addition to the run- 


way length L rwy? also the length of the clear zone Leg: A "safe" 


continued takeoff presupposes: liftoff within the limits of the 
runway at the normal speed established for the particular air- 
plane and attainment: of at least 4 meters . of. altitude at the end 
of the runway. 


It must be stressed once again that the allowable takeoff 
weight and the critical takeoff-run speed must be calculated for 
the par tecnree airport and.a given set of: specific atmospheric 
conditions... This: is,necessary. because: the critical takeoff-run 
speed does: noe depend on the properties. of. the aircraft alone... In 
addition: to variations in- actual takeoff. weight, the. length and | 
condition: of the. airport surface (friction. coefficient) ,. the grade 
of the takeoff runway, air temperature, and wind speed and direc- 
tion must be taken into account in determining these quantities.: 

If even one of. these conditions changes , tie? ia ia com= 
putation must be corrected. 


In computing the continued-takeoff distance with the critical 
engine out, it.is customary to ‘proceed from the practically rea- 


listic conditions of execution of - such a takeoff, as peeavee both: 


i 
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the time interval between the. engine -failure. ‘andthe start of crew -:.. 
activity to compensate the loss of thrust (application of emer- 

gency power, manual. control of propeller systems, etc. ) and the .-. 
values established for the altitude -at. which. gear retraction pe= 2s. yt: 
gins and powerplant, output parameters. | : tae ee oe 


It should be noted that these time intervals (which are usu- 
ally assumed equal to 3-5 sec) pertain only to intervention.in .-: 
control of the powerplant and. auxiliary..systems ‘of the airplane..-: 
Control. of the airplane's path, and directional control in- ‘particu-.-., 
lar, are, on the other hand, assumed to take place. with the. nopmal:; 
delay times characteristic for the: pilot's reflex responses. -Ac-: 
cordingly, the functions of counteracting the unbalanced=thruse aes 
moment after the -nose. wheel is 1ifted:and holding the airplane on. “7161 
the runway must be performed by. deflecting the pevodynam con-- _—. 
trols. ree, ae | ee 2 eee 


Arrival at the 10-meter altitude. at the. aoe Speed Vee is 


followed by an initial climbing segment (to “H = “HOO m), ‘the fea- 
tures of which will be set forth, below,’ in Sees 4 of this: chapter. 


Si RUDDER DEFLECTION ANGLE MARGIN. IN. TAKEOFF: RUN: AND. AFTER LIFTOFF . ; 
WITH UNBALANCED THRUST. INTENTIONAL... UNBALANCING OF THRUST To ..... 
COUNTER THE INFLUENCE OF A -CROSS WIND DURING THE ‘TAKEOFF RUN. es 

The thrust deficiency that arises on ‘patiure. of one of: “the. es: 
engines is not. the only possible impediment. to continuation of. the, 
takeoff. There is also the danger of..deficient controllability - eee 
in the directional plane — the lack of an adequate rudder-deflec-. ea 
tion margin. During the takeoff run, and especially on its first 
half, rudder effectiveness, which is proportional to the square of 
speed, is relatively ‘low, especially .on turbojet and .turbofan air- =... 
craft, with which there is no. propwash. over the tail. On such Es 
aircraft, the critical engine is..the one at the end of the longest. . .- 
arm from the sa aL s plane of. symmet:ry.; ; ee 


On. propeller-driven (ease ones: or piston): eipotanse.. ‘identi- : | 
fication of the critical engine also requires, as we have noted, 
consideration of the ground-loop moment from the propellers, which’: 
generally acts in the direction opposite to that of their rotation. 
Thus, for example,. the critical engine of the T1-18 and ‘An-10°air- 
craft is No. 4 (right outboard). . 


Cross winds also complicate piloting sunead an engine- -out’ 
takeoff; here there i's aleast favorable combination of inopera-" 
tive engine: and. cross-wind ‘direction, e. 7:7 | failure of the eriti- 
cal No. 4 engine with a cross wind from the’ ‘right on the I1- 18 
and An-10. 


In many cases, therefore, the availability and amount of 


rudder-deflection margin . in ‘an unbalanced- thrust takeoff. | ‘Airectly ~ 
determine (along with the availability of reserve power): whether | 
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execution of Such a takeoff ‘will or. willk not be possible. 


Banking .the airplane toward the operative engines, discussed 
earlier as a highly effective means of. reducing the required rud- 
der deflection, is not applicable for an ‘airplane in motion-on the 
ground. 


Among the other’-known means for directional control of an 
airplane in motion: on the ground, the steerable. nose wheel is. 
best as regards both effectiveness and the absence. of any detri-. 
mental: effect on longitudinal acceleration.. This device can. be. /162 
used with equal effectiveness to counteract any external -disturb- 
ance in the. directional ‘plane, - 186" 5 not - only unbalanced engine =° 
failure, but also cross winds | and unequal friction coefficients 
at the main wheels™ (owing. to surface oii cca a considerable 
differences in tire pressures, etc.). 


Figure 77 shows a diagram of the ‘con- 
trolling forces in a takeoff in a cross. . 
wind. We. see from the. figure that. the. lat- 
eral friction force Fe sag of the nose wheel. 


My wind | 
oer oF 


is directed in such’ Me way that it produces 
almost no component along the airplane's. 
longitudinal axis and, consequently, that. 
the necessary moment in the directional 
plane is obtained with practically no ~ 
detriment to the thrust margin and, con- 
sequently, to the airplane' ‘s takeoff | 


pEOper nce 

Tastne- event of failure of one of the -= Figure 77. Diagram 
enginés on an'airplane that does not have of Forces for Di-- 
a steerable nose wheel, the basic remaining rectional Control 
means of holding direction on the first : on the Ground. 1) 
half of the takeoff run, while. the rudder -:: Force applied to 
is still ineffective, is to brake the main nose wheel; 2) brak- 
wheel’ (force Fa op) on the Side opposite ‘the ing force of main 


inoperative engine wheels. — 


However, there are important ad vawoacks to this ‘procedure. 
First, it sets up an additional resistance that further reduces 
the already lowered thrust margin. In addition, wheel braking is 
not effective in all cases: it cannot always keep the airplane 
from veering .on a slippery (icy or wet) runway surface. Although 
it is true that the steering | action. of the nose wheel is also. re-~ 
duced somewhat in the latter case, - At does not deteriorate as much 
as braking action does. | 


It should be noted that both the use of the nose wheel and 


the use of unsymmetrical braking require that the takeoff run be 
made on all landing-gear struts. In a takeoff run with the nose 


143 


wheel lifted, braking is usually impossible.or extremely difficult, 
since it. generates a pitchdown moment that. brings the nose wheel 
down so hard as to risk’ damage to it. 


With respect to the magnitude of the steering moment that 
can be generated, the steerable. nose wheel. is considerably more 
effective than unsymmetrical wheel braking. Usually, turning the 
nose wheel through no more than half of its limiting angle pro- 
duces @ steering moment equal ‘in magnitude to that generated by 
locking up one of the main landing-gear wheels. 


Finally, note should be taken of the fact that use of the /163. 
steerable nose wheel provides considerably higher precision in 
control of the airplane in motion along the ground, while main- 
wheel braking is inevitably uneven in nature. In this sense, 
controlling the airplane -with the nose wheel can be likened as 
regards its smoothness to steering an automobile, while control 
by pulsed braking of the wheels is more like steering a cater- 
pillar tractor. 


In evaluating the above, it should be remembered that the 
problem of motion along the ground with. unbalanced thrust gener- 
ally never arises in practice at low speeds (i.e., in the initial 
stage of the’ takeoff run): we have shown that the only correct 
decision in any case of engine failure before attainment of the 
critical speed is to abort the takeoff run and, consequently, the 
Subsequent motion along the ground will occur linder nearly bal- 
anced thrust conditions, i.e., will not require the use of any 
special measures to maintain direction. On the other hand, in 
the event of engine failure after the critical speed has been 
reached, rudder effectiveness is usually sufficient to ensure 
straight- -line motion on the rest of the run, and only in rare 
cases (for example, with a strong cross wind from the side of the 
inoperative engine) will it be necessary to apply a small addi- 
tional moment, which can then be generated with the steerable 
nose wheel or by light braking of the wheels on one of the main 
landing-gear struts. 


After lifting the airplane off the ground with unbalanced 
thrust, the pilot must be ready to counter a tendency to yaw, 
which becomes stronger again in spite of the continuing buildup 
of speed. This obscure effect, which has been almost totally 
neglected in the literature, often comes as a surprise to the 
pilot. 


Figure 78 shows schematically the causes of this phenomenon. 
As long as the airplane was running along the ground, the lateral 
force arising as a result of the rudder deflection could -not di- 
vert the airplane toward the inoperative engine to any perceptible 
degree, since it was offset by the lateral component of the fric- 
tion of the wheels against the ground. With liftoff, however, 
the wheels lose contact with the ground, the friction effect 
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naturally disappears, and, 
under the action of the un- 
balanced lateral force, the 
airplane begins to slip in 
the direction of the inopera- 
tive engine in exactly the 
same way as in any other case 
of zero-roll unbalanced- 
thrust flight. The slip 
gives rise to a lateral 
aerodynamic force that is 
applied aft of the airplane's 
center of gravity and thus eee 
generates an additional mo- 

ment acting in the same di- 
rection as the unbalanced- 
thrust moment. To offset 
this additional moment, it 
is necessary either to in- 
crease the rudder deflection 
or to bank the airplane a 
few degrees in the direction of the running engines. 


‘ 


Figure 78. Illustrating Causes 
of Increased Yawing Tendency 
After Liftoff in an Unbalanced- 
Thrust Takeoff. 


Unawareness of the described effect may place a pilot.taking 
off with an inoperative lateral engine in a difficult position, 
and at precisely the moment at which it appeared to him that the 
adequacy of the rudder-deflection margin available for countering 


the unbalanced-thrust yaw had just been established beyond a doubt. 


After liftoff from the ground, an airplane taking off with 
unbalanced thrust may in some cases also show a tendency to roll 
in addition to the above-described yawing tendency. The direction 
and rate of this roll depend chiefly on the. relation between the 
two basic transverse moments acting on the airplane: 


— the transverse static stability moment 
M,=m'qSl, 


which tends to roll the airplane toward the running engines; 


—- the moment due to removal of the propwash over a certain 


segment of the wing behind the nonfunctioning engine. This moment, 


which naturally appears only on piston-engined or turboprop air- 
eraft, tends to roll the airplane toward the inoperative engine. 


Hence the rate and even the direction of the roll (the lat- 
ter in the case of propeller-driven aircraft) are difficult to 
establish in advance in general form. They must be determined 
during the flight tests of the airplane. In all cases, the pilot 
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must remember that a roll toward’ the inoperative engine is especi- £165 
ally undesirable after liftoff (a slight roll in the direction’ of ~~ 
the running engines is, as we know, not only- a but even desir- 

able in the -interésts of counteract ing stip). 


In conclusion, we note that. in an unbalaniced- thrust takeoff,. 
it is necessary to get the airplane off the ground cleanly, without - ae 
allowing the wheels to touch the runway again, since, owing to the’ 
Slip that develops in this case, such contacts: occur with crabbing — 
relative to the runway surface and, on the one-hand, impose ‘the 
corresponding loads on the landing gear and, on the other hand, 
give rise to additional OTTIUE ampules toward the nonfunctioning | 
engine. _ aS 

In nel the same way as in the ‘dendane sega: artificial 
application of unbalanced thrust may become ‘inevitable in a cross- 
wind takeoff, even. when. the a ‘S powerplant. is: eee ORS ar 
tive. : si ae Bee es 

With the universal conversion from dirt’ strips to concrete | 
runways, as we noted above, the cross-wind takeoff has. become. oh. See 
common aviation.practice, and is even:more frequent than ‘the aes 
off in the plane of .the wind. 22 aes 


The basic peculiarity of a piloting nature associated with -: 
the cross-wind takeoff consists in the appearance of a: tendency’ ‘ 
of the airplane to yaw. ‘Essentially, this tendency is a manifes-—-.*:.. i: 
tation of an unquestionably positive property of the airplane:: als 
its directional stability.. However, it is necessary to. distin- . 
guish directional stability in motion along the ground from: direc- 
tional stability in flight. The values of these two characteris-~.. 
tics may differ from one another, sometimes quite substantially, 
owing to the fact. that the :steering moments acting on the air- 
plane as it moves along the ground include. one that does not .in- t 
fluence directional stability in flight: the moment’ from the lat-. 
eral reaction forces of the wheels. 


Older epnes of aircraft, which. had tail-wheel - ianaine gear, é 
had a stronger tendency to yaw in cross winds than modern tricycle-: 
geared aircraft precisely because the moment about the airplarie's.... 
center of gravity from the wheel lateral reaction. forces acted 
in the same direction as the static directional stability moment 3:3: 
in the former. case, while it acts in the opposite areceeen in ace 
latter case. 


On certain types of aircraft, such as freighters-having 
special fuselage shapes with the tail: section swept ‘up at the <a 
bottom, the lateral aerodynamic force may even be applied at a - 
point forward of the main wheels, with the result that when it. 
takes off in a ‘cross wind such an airplane, unlike most, will show 
a tendency to yaw not in the direction from which the wind is blow-- 
ing, but in the opposite direction. 
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>is, Like the countering of-a thrust imbalance :due to failure of /166 
“One of the engines, cross winds are best handled during the take- 

off run by: means of a steerable nose-wheel truck. However, when 

the particular type of airplane does not have a steerable: nose 

wheel and rudder deflection is not effective enough, especially 
during the. first stage of the: run, two other possibilities are 

left to the pilot: unbalanced braking of the main wheels:..and (on 
aircraft whose _powerplants. consist, of two or more engines suffi-. 
clently.far outside .the. ‘hein oe symmetry) an Ryo aac es adjust- 

ment of. DONT Pee rre thrust. 


It is not ‘possible a as to-which of . 
these two procedures is most advantageous in the general case or 
applicable oe any ee and any set of takeoff~run conditions. 


The: relative offsets or ‘the outboard engines and.the main 
landing-gear wheels from the airplane's plane of symmetry con- 
stitute the basic factor determining the answer to this question 
in each specific case. To minimize the loss of takeoff perform- 
ance (i.e;,; loss of takeoff-run acceleration) , it is desirable: to 
set up the. ‘steering moment : necessary to counter the yaw with a 
minimal :sacrifice of the-thrust margin -that a aaa this accele-- 
ration. ae . 


If.the outboard .engines.are.:located farther from the plane of 
Symmetry. than the landing-gear wheels, the necessary steering 
moment«can:be obtained with a-loss of:thrust from the downwind 
outboard engine that is smaller: than the friction between the 
braked wheel and the,.surface that would be necessary to develop 
the same moment (Fig. 79). Thus, for an airplane whose outboard 
engines are quite wide:of its centerline, while its landing gear, 
on the other hand, has a comparatively narrow track, ‘it is more. 
advantageous to hold direction during takeoff by setting the .out- 
board engine to takeoff power after the.rest (if, we repeat, it is 
for some reason.impossible to use:the steerable nose-wheel truck). 


On the other hand, for an airplane whose engines are quite 
Close to the fuselage (e.g., the turbojet passenger aircraft of 
the- "Tu" :-family), so that it is difficult to set up.a sufficiently 
large steering moment even -with a substantial reduction of the 
thrust from one'of them, while its landing gear has a comparatively 
wide track, it is advantageous to hold direction at the start of 
takeoff in the same way as this-is done on single-engined aircraft 
— by light braking of the main-gear wheels on the necessary side. 


There are, admittedly, exceptions to this general rule of 
using the force acting at the end of.the longest arm. .Thus, in 
taking off from a slippery. (e.g., icy or wet) runway surface, even 
Wheels situated on a rather long arm may produce an inadequate /167 
braking action. And in taking off from a surface having a non- 
uniform friction coefficient (for example, when icy patches alter- 
nate with clean concrete or snow), use of the wheel brakes may 
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Figure 79. Obtaining Desired 
Steering Moment During 
Takeoff Run by Braking a 
Wheel and Cutting the Thrust 
of an Outboard Engine. 1) 
Wheel braking; 2) reduction 
of thrust of one (outboard) 
engine; 3) reduction of | 
thrust of all engines on one 
side (M wing 18 the yawing mo- 


ment due to the cross wind; 
AP is the thrust imbalance; 


Be is the braking force; a 


is the distance from the 
wheel plane to the airplane's 
plane of symmetry; b is the 
distance from the engine - 
axis to the airplane's. plane 
of symmetry) .. 
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‘produce sharp~.and sometimes even | 
dangerous swerving of the airplane’ 
In some’ cases, 


from side to side. 
this makes it necessary to aban- 
don the main-wheel brakes as. a 
means. of. holding. direction in 


the takeoff run even.on aircraft a 


on which it. is. generally advan- 
tageous from: the standpoint of. 


‘ee takeoff-performance | 


Oe oe 


? 


of gas-turbine engines to. obtain ° 


‘directional control’ during the~ 
takeoff run, allowance: must be 
made for the fact that these..en-<=":112 


gines usually respond to the 


“throttle much more sluggishly ~" -. 
_ than piston.engines, so that the... 
quick thrust buildup that is. pos+ 
‘sible on-‘propeller-driven air-- 
craft is by no ‘means always. ObD=. rie 


tainable on jets. 


. on the they hand, ‘in redue-s ; 
ing the ‘thrust of one of asset: ee 


id 
- Le = ow: 


oo ll aw AF ry 
s ’ t 
tern 


Thus, small gevieeions from 


the takeoff-run direction .that 
require comparatively small di- 


rectional impulses for their cor-. . 


rection are sometimes better 
handled by cautions braking of 
the corresponding landing-gear 
wheel, even if it is'on a shorter 
arm than. the outboard engine. 


However, the general -con- .. 
clusion drawn above stands ‘in: 
spite of these exceptions: if 
for any reason it is. impossible 
to hold to the takeoff-run. di- 
rection by using the basic.’ 
directional-control elements 
(the rudder and a steerable nose- 
wheel truck), and it is neces- 
sary to use means that involve 
a longitudinal force in the di- 
rection ‘opposite to the velocity, 
it is more advantageous to select 
from along them that with which 


this force acts on the longer arm. 


4, INITIAL CLIMB. RETRACTION OF- GEAR AND FLAPS AFTER TAKEOFF WITH 
PARTIAL AND UNBALANCED’ THRUST. SEC ENe FAILURE AFTER LIFTOFF 
FROM THE GROUND: a 

On the Sent uses takéofr: acbienes, the airplane eases. 
lifts off the ground, and ° gains ‘its first 10 meters. of altitude 
simultaneously and with ‘continuous acceleration, with the: result 
that its ‘speed when it’ reaches ‘the ten-meter distance from the 


ground should have - ‘reached’ Meer x ‘which ensures safe continuation 


of-the climb. After this point, | ‘ali of the available power (ex 
cess power) of the operative part of the powerplant may be used - 
for a certain. time to-inerease only the potential component of the 
flying airplane's.energy,--i.we.;, in climbing. Naturally, ithe tra-- 
jectory | ‘inclination angle., As. -steeper: here than during acquisition 
of the first 10- meters; ; -when ; -powerplant energy was eine expended 
chiefly to increase ; ‘the . airplane Ss. kinetic energy, i.e. for, ac- 
celeration. a oe ee Pe noe 


pute. the. ‘initial ‘climb, “the. ‘airplane must , while: aetna 
obstacles near the airport , climb to ‘several hundred meters above 
airport level. (usually 400) and. change from its takeoff to its 
flight configuration with. retraction: ‘of the flaps and the’‘corre- 
sponding: increase in. speed; thus soe ‘becomes fully prepared for: 
accomplishment of the next stage. of: flight, that of. uae gram 
to the el wey , 

The change: Poon takeoff to. flight configuration consists of 
two basic.elements: retraction of the.gear and resetting of the 
flaps from their takeoff to their cruising (i.e., usually retracted) 
position. 7 eee se Be 


Generally speaiine. it is advisable to retract the gear as 
soon as possible after continuing. a takeoff with partial and un- 
balanced thrust.— if possible, immediately after clean separation 
from the ground, when the possibility of another contact between. 
the wheels,.and the. runway is. geen ere excluded, i.e., at a 
height of. 3- 7] meters. 


mie anon. eee this recommendation is obvious: the sooner. the 
gear is retracted, the more quickly will the airplane be free of a 
certain fraction of its aerodynamic drag; this is equivalent to 
increasing the thrust margin, as 1s so necessary in such a situa-, 
tion. | 


Heucven. there are also ‘exceptions to this general Hare. = In 
particular,, the landing-gear aerodynamic drag of certain types of /169 
aircraft is higher during retraction or lowering than when.the . - 
gear is ‘all the way down. This is the case when the wheel or the 
entire truck is rotated relative to the free airstream during re- 
traction in such.a way that the flow is. disturbed to a still 
greater degree than it was before gear retraction began. A-simi- 
lar effect may sometimes be produced when doors that cover the 


149 


landing-gear wells when the gear is either down or retracted open 
up. during the actual retraction or lowering to let the struts with 
the wheels into or out of the well. 


In ‘all Such-‘cases, the flight- performance data of an-aircraft . 
taking off with partial thrust (rate of climb, forward acceleration, 
etc.) may prove.to be even worse during gear tetraction than in ~ 
flight with the gear down. By way of example, we might cite the-' 
Tu-104 airplane, whose rate of climb averages 0.5-0.6 m/sec lower 
in the interval between the tenth and thirty-fifth to fortieth — 
seconds of the gear-retraction period of a takeoff on one engine 
iy. when the same takeoff is made with oe gear fully a 

il 


~: 


In such. a the gear should not‘bé retracted immediately --""- 


after liftoff, but delayed until obstacles at the edge of the air- | 
port have been cleared and the airplane has built up sufficient 
speed. 


Retraction of the flaps also reduces aerodynamic. arag, but ite a 
lowers lift simultaneously. For this reason, great caution eae 
should be exercised in retracting the flaps in the interest of. 
improving partial- -thrust takeoff characteristics. 


The flaps of certain types of aircraft retract rather rapid-.. .. 
ly, causing the airplane to "settle, " i.e., to experience a tem — 
porary decrease in rate of climb or even to descend slightly. On 
such aircraft, and especially in takeoffs with partial and un- 
balanced thrust, the flaps should be retracted in strict observ- 
ance of the minimum permissible altitude values established from 
flight-test data (100 meters, etc. ). Another effective way to 
counteract the "settle" is to "jog" the flaps up — to retract 
them in several increments separated by time intervals. In all 
cases, evenatemporary loss of altitude during a takeoff with 
partly inoperative powerplant must be prevented at all costs: at. 
no point should the path inclination angle be allowed to assume, 

a negative value. 


As we pointed out above, the normal takeoff: deflection. of. ‘the 
flaps is sometimes deliberately set below optimum in order to ‘make 
a continued one-engine-out takeoff easier. The trajectory char- 
acteristics of an airplane are below maximum to some degree in any 
normal takeoff, but there is a compensating higher degree of safe- /170 
ty in the design case — that of a continued takeoff after failure | 
of the critical engine. As a result, it is-sometimes even found. 
possible to increase the airplane's takeoff weight, which is fre- 
quently limited by precisely this design case. 


For aircraft that do not settle on retraction of the flaps, 
there is no fundamental reason for limiting the minimum allowable 
altitude for performance of this operation. Nevertheless, such 
limitations. are imposed to minimize the distraction of the pilot's 
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attention by -any secondary: operations at low altitude, especial- 
ly in the execution of a maneuver as complex as a continued take- 
off with one engine out. 


While retracting the gear and flaps, the pilot.must continue 
attentive monitoring of the-other elements of his task — counter- 
ing the tendencies to roll and yaw and also watching flight speed 
carefully, since a speed loss during a takeoff with partial and 
unbalanced thrust is particularly dangerous and at the same time 
more probable. than ina takeoff with a fully Crea powerplant. 


Pica canee of Spee ucics: after a takeoff with paretay and un- 
balanced thrust (and, incidentally, after a normal.takeoff) re- 
quires first of all that the airplane reach not its highest pos- 
sible rate of climb Vy» but the | largest possible elimbing- -path 


angle '@ (with observance, of course , of the condition V >V ). 

The climbing angle will be substantially smaller than normal 
in a partial-thrust takeoff. It is necessary to remember this and, 
in order: to prevent dangerous loss of speed, never to attempt to 
bring the airplane to the normal climbing angle to which the pilot 
is accustomed by increasing ‘Its ‘pitch angle. 


safe 


The above also applies in full measure to takeoffs with the 
powerplant fully operative, in which extreme climbing angles 
should also be avoided because an engine failure occurring in 
the initial-climb ‘stage at a large pitch angle causes an especial- 
ly sharp ‘drop in speed, and perhaps a total speed loss and a stall 
from which it will be practically impossible to recover in the 
absence of an altitude margin. 


It is, of course, possible (and necessary) to counteract a 
loss of speed with an immediate reduction of the’ climbing angle 
when the very first signs of engine failure are detected. However, 
this action, ‘even when carried out with commendable crispness, is 
not fully effective at all initial climbing angles. 


V.F. Bolotnikov [1] pointed out that there is a certain range 


of climbing conditions within which‘even instantaneous, zero-delay /171 


pilot actions do not necessarily prevent loss of speed. 


The physical reason for the existence of such critical climb- 
ing-angle values is that, like any other body possessing a certain - 
mass, an airplane. gaining altitude at a certain rate of climb can- 
not be transferred instantly to some other flight regime in- which 

a different vertical velocity prevails. 


Immediately after the drop in thrust, as is shown schematical- 
ly in Fig. 80, the airplane will move along a certain ‘curved path 
while continuing to climb (although with a rapid decay of its verti- 
cal velocity ) and, consequently, will simultaneously lose speed. 

The example presented here pertains to a single-engined airplane, 
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=-----7 i.e., to the. case of total thrust 
{O4, loss on engine failure during the 

| climb. However, even with a par- 
tial powerplant failure and the . 
corresponding. decrease rather than 
total disappearance of thrust, the 
new steady-climbd vertical velocity, 
even if it remains positive, is 
naturally much smaller in absolute 
magnitude. The airplane cannot 
change instantly to this new value 
of Vy Hence ‘the conclusions drawn... 


Powerplant 
‘ failure | 


‘above remain in force for. our case 
as well. ' 


The only guarantees against °. 
emergence of this dangerous’ situa- 
tion are margins in both speed 
and climbing angle and, of course, 
quick and sure:responses from the 


Figure 80. Motion of Air- pilot, who, upon failure of the °: 
plane After Engine. Failure engine, drops the airplane sharply :: 
During Climb. (under a g-force much smaller than. 


unity) into a new attitude corre-. 
sponding to steady flight at the 
new lower thrust value. 


Generally speaking, the above applies for aircraft climbing 
at any altitude, but it is especially important at takeoff, both 
because of the special hazard presented by loss of speed and stall- 
ing near the ground and because the.low-speed.climb at large path /172 
anessuecton angles is practically never used in other flight. cases. 


A word of caution is in order regarding the recently noted 
foreign practice of flying the climb immediately after takeoff .at 
unusually large path inclination angles and, accordingly, at large 
pitch angles. ‘The primary motive behind this piloting maneuver 
has been the effort to gain considerable altitude while the air- 
plane is still in the Zone immediately adjacent to the airport in 
order to reduce noise when it flies over populated areas farther 
ahead on its path. This is one of the most serious problems in 
flight operations with modern aircraft. To appreciate the impor- 
tance attached to it, it is sufficient to recall that in many 
cases recourse has been taken to a measure as extraordinary as 
performing the initial climb at partial powerplant thrust with 
the object of reducing noise. 


The noise from the aircraft decreases substantially with in- 
creasing altitude above the ground and a steep climb at takeoff 
has certain advantages from this point of view. In considering 
this problem, however, we may not overlook the fact that, as we 
have shown, the range of possibilities for counteracting the 
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dangerous. consequences of a possible failure of one engine is 
greatly narrowed in this: case. We cannot exclude the possi- 
bility that some of the crashes on takeoff that have been re- 
ported.in the press (for example,"the 1962 crash of the American 
Boeing 707 at Paris) might not ‘have occurred if the climb had 
been flown at a shallower angle. 


Dis THE SPECIAL CASE OF ENGINE PATLURE ON TAKEOFF IN THE RANGE OF 
FLIGHT CONDITION TWO | 


We showed above that a range of speeds within which the 
thrust required for level ‘flight exceeds. the available thrust 
and; consequently, level flight is impossible even though the 
airplane could fly without losing altitude at the same weight, ‘in: 
the same configuration, and with the same thrust at slightly 
higher speeds may exist in the, range of flight condition. two. 


In the takeoff configura- 
tion of.the airplane ~— gear and N 
flaps down — the: existence of : 
this danger zone is even more 
probable than in the flight con- 
figuration. 


AN <0 region with partial thrust 
and takeoff configuration of air- 


Let us suppose that a 
partial powerplant failure has 
occurred during takeoff at the 
time at which the- airplane was 
moving at speed V, (Fig. 81). 
The power margin is negative a 
at this speed and, consequently, 0: | V;, Vv 
the airplane cannot accelerate 


further. If the pilot has no /173 


Figure 81. Special Case of En- 


way of increasing his power mar- 


gin quickly (for example, by 


gine. Failure on Takeoff. 1) 


augmenting the thrust of the Navail at full thrust; 2). 
remaining running engines or N vail at partial thrust; 3) 
by retracting. the, gear quickly), | 

there is nothing to do in this Nreq =n takeoff cont PeuretsOM: 
situation but put. the airplane 4) Ne in flight configura- 


down — more precisely, to let 
it put itself down —in as: 
straight-ahnead landing. With 
all the risks that such a land- 
ing presents, it is still less dangerous than an attempt to force 
the airplane to stay in the air, which would be inconsistent with 
the laws of flight mechanics and would have no outcome other than 
a total loss of speed and a stall. 


Nevertheless, there is reason to assume that the probability - 


of the attempt — even on the part of a comparatively experienced 
pilot — to make the airplane fly when it cannot fly cannot be 
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excluded in this case in spite of its hopelessness. The first 
reason for this is that, as we have shown above;.quick detection 
of the very fact that one of the engines has failed, especially 

on aircraft of modern configuration, is at times difficult. -Not. 
suspecting engine failure, the pilot may attribute the airplane' S 
evident sluggish acceleration and even a descent to some. random: 
external cause that will go away of itself in a few seconds. 


The second and, obviously,‘ the most important reason is that . 
even when he has detected an engine failure, the pilot still ex- .. 
pects the airplane to continue accelerating, if not as rapidly, . 
because he definitely knows that an airplane:.of- the particular. nes 
type can fly. level on the rest of its engines and in. the. given. 


ey | 


configuration. He is inclined to interpret the loss of accelera-.) .:", 


tion to the fact that the actual climbing angle is large for par-..-. 
tial-thrust flight.’ Acting on this hypothesis, he reduces the . 
climbing angle or even puts the airplane into level. flight,. still. 
unaware that the only ‘alternative remaining to him is to land the- 
airplane straight ahead at once. As a result, the airplane. ‘aud ok ya 
loses speed (because, as we know, deceleration takes :place.more::...” _- 
rapidly in the condition-two range) and stalls unless ‘by eS: time '-. 


v “4 
Sue Pears 
7‘ 


( 


bility of such a situation: to make it impossible to continue 
takeoff when the airplane enters the range AN < -0 shown in Fig... 


ve 
the ground is directly underneath.its wheels. Ste, tigi 


There is only one way to be sure of btaminiktge tne pogar eS 


81. Essentially, this requirement is equivalent toa mandatory... \- :_: 


abort of the takeoff if an engine fails at a speed below critical 


(the critical speed must, by definition, ensure safe. continuation” |... 


of all flight stages after engine failure). 


However, if the pilot. of. a modern seewnane sonchaw encount-: 
ers failures of more than one engine on takeoff (this nondesign 
case might occur, for example, in flight testing, when the. equip=- 
ment has not yet been brought up to the necessary reliability ' 
level) and finds that the airplane will no longer -accelérate or, 
even worse, loses the speed that it had built up, there:is-no 
point in continuing to hold the airplane up and attempting to 
avoid a forced straight-ahead pengene 

7h 
6. CLIMB WITH PARTIAL AND UNBALANCED THRUST TO THE ERS? TURN 


i vi 


On completing the initial climb, the eiepions sinc ames ae 
ascend in its flight configuration at normal speed. .In:many . 
cases, the time for which is it permissible to run the operative 
engines at takeoff power elapses at about this time, so that the 
problem of optimum utilization of available power output again 
becomes acute. 


In particular, the advantages, of zero- slip flight with roll | 


toward the running engines, which. permit however insignificant - | 
an increase in the rate of climb as compared with a straight-line 


154 


Slipping climb without roll, ww” 


become especially important. | 


If the climb is being we 
flown under difficult weather an "Be 
conditions with the ground 6ob- eae eee . 
scured, it must be remembered | a > 
that obstacles that would nor- £175 
mally be quite far from the’ \Runway 


airplane's path may be dan-. 
gerously close to it both ver- 


tically and horizontally in Figure 82..Climb-Path Profiles 
a climb with:partial:thrust.: - of Aircraft with Full.and‘Par- 
The height coordinate requires ©" tial Thrust Relative to Ground 
no special éxplanation. Ob-: ‘| Obstacle: A) Clearance of ob- 
viously, if the airplane takes stacle in normal takeoff; B) 
off in-:the direction toward an clearance of obstacle in par- 
elevation, the height at which tial-thrust takeoff. 


it is cleared. at’ the lower rate 
of climb'-and, 'consequently, 
the flattér-than-normal trajectory, willbe considerably smaller 
than usual (Fig. 82); this is taken into account in all applicable 
jacaiavarpea for evaluating an airplane' S capabaT ety to continue 
takeoffs. 

° : 

However, it is also found-necessary in such cases to con- 
sider ground obstacles to either side:of the’ assigned track. -In 
fact, as.we pointed out in Chapter III, the slip in unbalanced- 
thrust zero-roll flight also. influences the navigation elements: 
the airplane "crabs" toward the inoperative engine just as it 
would in the presence of a cross wind. Here the actual track of 
the airplane will differ from that computed before takeoff with 
consideration of the expected wind force and direction. If there 
are.obstacles like those shown schematically in.Fig: 83 near the 
assigned track line, the difference between the actual and com- 
puted track angles may result in.a dangerously close approach to 
them, especiially under the. conditions of ae en flight in 
clouds or at night. 


The danger of such: crabbing is eliminated by recourse to the 
universal countermeasure against slip that we have referred to 
several times above: rolling the airplane 2-4° toward the running 
engines. Thus, roll is. advisable here for two reasons: To obtain. /176 
the highest possible rate of climb Vy and to counteract erabbene | 


away from. the track line. 
1% INTENTIONAL TAKEOFF WITH PARTIAL AND UNBALANCED THRUST oo 
We noted above that, as a rule, takeoffs with partial and 


unbalanced thrust can occur only in the event of unexpected engine 
failure. at a stage during the takeoff at which the takeoff can no 
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ee ee : Yonger be ‘aborted. However, -there 
i ee ‘may. be “exceptional : circumstances = | 
we | - . that: require’ execution of a take-- 
DL Off when it is definitely known | 
that one of thé airplane's engines 
“wiidl.not be: ‘running. They arise, - 


Normal 
climb . ~ for examplé, when serious-engine - | 
‘trouble excluding the use of -the 
engine during takeoff. is détected . 
in a ground inspection far from 
. ‘'-the airplane's. home base. If the 
ae ee ae eae - engine. cannot :be repaired -on-‘the *' - 
ae | 7 "Unbanked climb with un- ‘spot; the only solution is to take ~ 
, balanced thrust without °° Off and: return. -home ‘with fewer than- 
V countering of slip.crab. . .; - alii of “the enigines. running. | ae 
oe Some flight units have ex- 
—:i 7". ~ pertence’ in’ Dagan DS aircraft in 
Failure of starboard con od - this. condition. ‘Needless to ‘say? 
ferrying is':the -sole concern. ee 
en as Such cases; it may not be combined 
a eee ee :- With: any other ‘mission,- not -to. 
mention the transport of passen-!":"*: 
gers. — | 
Figure 83. climbing. Tra. cua: = Material on’technidgues ‘for: | 
jJectories of Aircraft.with _o'a such ferrying flights will be- 
Balanced. and Unbalanced... ....-: found. in the technical literature.’ 
Thrust Near Obstacles in; -“* JThus, for. example,. Engineer-Pitlot .*: 
Plan View... - (o.s7a 22P. Khmel'nitskiy.and Engineer D. 
cies Levin, working. from available - 


’ practical. experience ‘in ferrying 
of 1. 18 airplanes with three engines. running [18]:,; ‘report that! 
the flight can be made without removing the propeller from the SPLIT 
inoperative engine, but only if it is feathered and locked. How- 
ever, a feathered and locked propeller begins to rotate in flight 
at speeds above 350 km/h, with a resulting increase in aerodynamic 
drag. It is therefore recommended that, instead of feathering the 
propeller, all of its blades be dismounted. It is also advisable 
to cover the air intake to prevent the oncoming: airflow from spin- 
ning the engine's compressor. 


In making preparations for such a flight, it must be remem- 
bered that the airplane is, as it were, transformed from a four- 
engined to a three-engined type at the very outset, so that the 
possibility of an unintended failure of at least one more engine 
during the actual flight must be reckoned with. It is necessary 
to form a clear plan of action (change in altitude, route, etc.) 
in advance for this eventuality, so that the situation will not 
be altogether unexpected. In particular, flight over mountainous 
terrain and large bodies of water should be avoided. 


15.6: _— 


The design of the takeoff — in particular, calculation of 
the - takeoff weight . and -the corresponding takeoff-run, takeoff, 
and .aborted-takeoff:.distances, critical speed, and liftoff speed— 
should be approached in exactly. the same way; i.e., with con- 
sideration of the possibility of one more engine failure. The 
authors. recommend. a simple rough ‘procedure for’ computing: the 
takeoff-run and takeoff distances: by adding. 25% to the values cor- 
responding -to a. takeoff: with he: baal cake fully operative and 
all oene Et conditions: unehanged.. why 7 


It. 16: eecnnenced that one: total takeoff thrust: of only the 
two ‘symmetrically, opposite: punning engines be used from the very . 
start. of: the takeoff. run.: -<On the other hand, the engine sym- 
metrically. opposite:.to: the: Anoperative one should: have a low set- 
ting (20°-on the throttle-position indicator) -‘at: the start of the 
eeu run. 

; eee eer ‘gadns: e00ed: ‘the output of this engine is 
gradually: increased so.that it: reaches takeoff power. when the 
dee reaches: 200- 210. emt 2a" 

the. nee ‘takeoff. run ae Sereomned with nose-wheel steering 
operative.; «5. i) gare .0 at ie 


These recommendations, wath were submitted for application . 
to the. I1-18-airplane, ‘can: also be extended ‘to other:types. On 
aircraft with engines: less. widely.spaced along the span than those: 
of the I1-18, the takeoff..can be executed with all’three running 
engines at. takeoff power. either from the very start of the run or 
from some, very early st:age:in it. In practice, the directional- 
control means. available: on modern aircraft — the nose wheel and 
the rudder —:are-fully adequate to hold the ro aay in a straight 
line’ on. een ence a= thrust: takeoff run.) ; 


2 


i 
MS 
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Chapter VI 


GENERAL REQUIREMENTS AS TO FLIGHT CHARACTERISTICS: OF 
CIVIL AIRCRAFT WITH PARTIAL AND UNBALANCED THRUST ~ 


1. PRINCIPAL POINTS OF AIRWORTHINESS STANDARDS REGULATING THE ‘BE=" 
HAVIOR OF AIRCRAFT AFTER PARTIAL POWERPLANT FAILURES anal : 


The aircraft airworthiness standards. adopted by the’ ‘Interna-" 
tional Civil Aviation Organization (ICAO) dévote considerable «°°. 


space to the behavior characteristics of aircraft on engine FEES Jes 


ure and during ‘subsequent flight. with partial and unbalanced: 
thrust. -Besidés these standards (the “International. Standards") ; 
individual countries with: civil- aviation industries apply | their. 
own airworthiness standards ("National Standards"), in which’ the 
-corresponding requirements ‘made of the aircraft are set forth. in’ 
more complete and detailed form. : 


It must be demonstrated regarding: aircraft of’: “TCAO memben” Peote 
nations, and aircraft operated on international routes ‘(irrespec-''” 
tive of whether or not the nation to which they belong is an. 
ICAO member), that if they conform to the National. Standards - ‘of ¢ 


the country.in which they were built, these standards are adequate | ee 


to conform to ICAO requirements. 


are 
ae 


It is not our object in the enecent chapter to review ‘the 7. 


content of applicable airworthiness standards for aircraft. The’ 98 


- 


sole intent of the few examples given below ‘is to point ud the | 
nature of these standards, which do not lay down any specific’ 


design solutions or piloting techniques, but deal with the proper= 


ties that a passenger aircraft must have to ensure. adequate flight 
safety, in particular with partial and unbalanced. thrust. 


One of the crucial points in these standards that is especi-’ 
ally important in the so-called "special cases of flight, " which 
include flight with partial ‘and unbalanced thrust, is the re- 
quirement that "attainment of the flight characteristics estab— | 
lished for the airplane not require exceptional skill or exces= 
Sively strained attention on the part of the pilot" (C23), Par. 


282 sc 2). % 


Essentially the same requirement is repeated specifically 


later on in application to the unbalanced-thrust case: ".« .changes 


in power output shall not require exceptional piloting” technique, 
strained attention, or excessive effort from the pilot,. even in” 


*Subsequent references to this source indicate only “the. Paragraph 
number. - Translator's Note: Due to unavailability of the ‘ICAO 
document, quotations are retranslated here from the Russian. 
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the case of failure of any engine in operation" ("Controllability" 
section, Par. 2.3.1); "...the airplane must have a degree of bal- 
ance...such that. the attention requirements made of the crew in 
performance of.a flight and the conditions for holding to the re- 
quired regime will not be-excessive... This shall apply both under 
normal operating conditions and under conditions that:.are asso- 
ciated with failure of one.or more engines and for which flight- 
performance .characteristics have -been pecan net ("Balance". 
section, Par. 2.3.2),. etc. | | 


The thrust of these and similar requirements is that the 
technical capabilities objectively - inherent in the aircraft that. 
enable it to avoid dangerous. situations when one. or another spec-— 
ial situation’ ‘arises (engine failure, icing, strong updrafts , 
etc.) are of practical value and do indeed ensure the necessary 
flight=safety Ievel only under the | ‘mandatory condition that they 
can be brought to bear by a-.pilot with. normal average qualifica- 
tions and normal (not. exceptional ) natural mental and physical 
traits. Here it is also necessary to remember that these physi- 
cal and especially mental traits of the individual may undergo 
certain changes under ,the. influence of extraordinary circumstances 
of which he becomes aware. | 


In the. preceding chapters ; we pointed out ‘those characteris-. 
tics of an airplane. (value of equilibrium. angle of slip, relation 
between rolling-and yawing motions, sign and magnitude.of efforts 
at the controls, indication of optimum flight condition, etc.) © 
that endow it with behavior after partial powerplant failure such 
that countering the divergent motion and subsequent flight with 
partial and unbalanced thrust do not, require exceptional piloting 
technique, attention, or expenditure of physical energy from the 
pilot. 


However, there are other technical characteristics of the 
airplane that are just as important for safe continuation of 
flight. ; 


ie 4 First Or all; it is necessary -that an engine failure not ren- . 
der - inoperative such vitally: important systems of the aircraft as. /180 
its control, fuel, electrical, hydraulic, and other systems. In | 
consideration of this, the ICAO standards include the requirement 
that every aircraft be provided with "sufficiently workable meas- 
ures to ensure continued functioning of the basic auxiliary sys- 

tems in the event of engine failure" (Chap. 4, "Design and Con- 
struction," Par. 4.1.6). "The powerplant must be accommodated ‘and 
mounted in Such a way that each engine with its associated sys- 

tems can be controlled and can function independently of the 

other groups and in such:a way that a failure in the performance 

of any of the accessories and systems cannot result in a loss of, 
power exceeding that incurred on total failure of the critical 
engine" (Chap. 7, "Powerplant," Par. 7.2.1). 
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The ICAO International Standards require conformity to spec- 
fic conditions on partial powerplant failures at various stages in 
a flight. ' , 


Climbing characteristics are. set forth for route. flignt,. ex- 
pressed in terms of vertical velocity or trajectory inclination 
angle with one or two critical engines inoperative (depending on 
the total number of engines on the particular oe and. remain- 
ing engines running at nominal power (Par. 212 6332 


In this case, the ability to gain. altitude is regarded. as a 
kind of criterion indicating, that the airplane has a certain range 
of possible level- -flight speeds and that it. has. the minimum man-. 
euvering capability necessary to. proceed from. the point of. engine 
failure to the point of landing. ae — 


For the landing approach with partially inoperative power-. 
plant, the. standards also require. that an. airplane be capable of Geis <2 
gaining altitude with one engine out, but, in contrast to the pre-,.. |... 
vious case, at maximum landing weight (the. ‘maximum takeoff weight . 
figured in the standards pertaining to:route flight). The con-: 
siderations dictating this requirement are similar to those set 
forth above, but with the added requirement that the airplane be 
capable of. climbing. out for a second. approach on partial thrust: 

"In the event of an unsuccessful landing approach with the. criti-. 
cal engine inoperative, and in the. appropriate configuration, the — 
airplane must be. capable of continuing flight to,a point. from which. 
it can make a second landing approach" (Par. 2 Peeve) 


For takeoff, the ICAO standards for airworthiness of aircraft 
provide for Specification of a design failure point (which corre- 
sponds to the notion of critical takeoff speed that we. used in. 

Chap. V), from which the trajectory of a continued takeoff with 

the critical engine inoperative is computed. Here the remaining 
engines are run "within the limitations on their takeoff power, /181 
but at the end of the period for which takeoff power may be used, 

the airplane must be capable of a continued climb with the eriti- 
cal engine out and the other engines running at no more than maxi-. 
mum continuous power to an altitude that the airplane can hold 

and at which it can circle the airport" (Par. 2.2.2.1). The cor- 
responding paragraphs of the airworthiness standards state quan- 
titatively the rates of climb required in this case for various 
aircraft classes. It is specifically stated that "the aircraft 

must retain controllability in the event of unexpected failure of 
the critical engine at any time during takeoff with the piloting 
techniques indicated in its flight manual for the takeoff and 
aborted-takeoff trajectory segment (Par. 2.3.1.2). 


The need to provide the pilot with "quick-acting and depend- 


able means of determining the time at which the critical point is 
reached" is also stated. 
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It is important to note that flight characteristics with par- 
tial and unbalanced thrust are considered in the ICAO airworthiness 
Standards not only from the standpoint of their intrinsic import- 
ance as one of the possible important flight situations, but also. 
as a criterion defining certain properties of the airplane in nor-. 
mal flight with its powerplant fully operative. 


Thus, the safe takeoff speed for determination of the flight 
performance characteristics of an airplane after liftoff from the 
ground or the water corresponds, according to the definition in 
Par. 2.3.1.3, to the speed at which "an adequate margin with re- 
Spect to liftoff speed and to the minimum safety speed.at which | 
the airplane remains controllable after critical-engine failure is. 
ensured." °This general definition is expanded in specific terms 
in the section on "Acceptable Methods of Establishing Conformity 
of Aircraft Flight. Characteristics to Specification," where the 
following method is recommended for determining minimum safety 
speed: "The minimum safety speed is such that when any. one engine , 
is switched off at this: speed the controllability of the airplane 
Can be restored with. one engine inoperative and the airplane can 
be held in straight- -~line flight at zero angle of yaw or at an 
angle of roll not exceeding 5°: Between engine shutdown and full 
recovery’ of controllability, the pilot shall not be called upon to 
exhibit exceptional skill or subjected to excessive mental or 
Physical strain in preventing any loss of altitude beyond that 
Which is inevitable with the deterioration of performance char- . 
acteristics or any change in heading by more than 20°; during this 
time, the airplane shall not assume any dangerous spatial atti-— 
tude... Holding the aircraft at this speed in steady straight- 
line flight after recovery of controllability and before rebalanc- /182 
ing shall not require application of an effort greater than 200 
pounds (81.5 kg)#* to the rudder pedals, and the crew must not be 
forced to reduce the power output pf the remaining running en- 
gines" (Par. 4.2.1). 


Certain national standards — including the USSR's airworthi- 
ness standards for civil aircraft — also make provision for 
use of unbalanced-thrust flight to check other handling character- 
istics of aircraft having no bearing on this flight situation. In 
the USA, for example, the directional and.lateral controllability 
of transport aircraft is tested as follows ([22], Par. 4b.132). In 
flight with the critical engine not running (and, on aircraft with 
four or more engines, with two critical engines not running) and 
at a speed 1.4 times the liftoff speed, the pilot changes heading 
Sharply by up to 15° in both directions with almost no roll, and’ 
then executes coordinated turns with up to 20° of roll under the 
same conditions, again in both directions. In all of these cases, 
the airplane must retain normal controllability and must not behave 


*According to USSR Standards, no more than 70 kg at the rudder 
pedals and no more than 20 kg at the control column in roll con- 
trol. 
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dangerously.....It is..assumed .that..an aircraft that.has shown ade-.. 
quate controllability. in such’ tests’ in .unbalanced-thrust . flight. . 
will meet the necessary requirements even “better in normal flight” 
with the. ‘powerplant . fully. operative... . A bash sad oe 
The “above. ‘flight- ‘testing techniques’; are; “of. “course; mentioned’ 
here only by way of example. Many other procedures. of’. similar. in- |. ee 
tent may be proposed (and do indeed exist). In all.cases, however, 
flight with Partial. and unbalanced thrust remains of .prime eae 
ance in. thie. determination “of. aircraft. -airworthiness ,. “poth,.as, one. 
of the most important Special fitght cases “whose. outcome. strongly © 
affects safety and as an effective criterion that helps éstablish 
the ee and ee oe of Stas Of .a. poeta oe 
in general. oe oe. tha. een eos fd 


AG py 3 . we ’ ct : ear ron - 
ee te ed rg , “s . : * » fas enn ot) nae at de Bint = N : - Pa ee ee 


(fa ae Pe ny ore ae ee py gtjases 


sae t 
= 2 47 06 


2% ELEMENTS ° OF) ‘AIRCRAFT, SLIGHT: TESTS. WITH PARTIAL AND. UNBALANCED pena, 
THRUST re ac a sdb S is.dh eg aU eg, 
Most. of. ‘the data needed | “Por evaltiation. of. an ‘airplane’ 3 Dees ace 
havior on suddén unilatéral engine” failures and.in,subsequént ,uns: ,2 72) 
balanced-thrust - ‘flight can be. determined. ‘by. calculation: However ,- oe 
experience has shown that the agreément , between ‘the calculated °. on. 
results and reality may vary in rather broad limits, : especially ~ - 
for.experiment.al.and.test. aircraft..whose . designs . incorporate. , .. +) 18 
qualitatively new eianciing a Oo ie: ORG os. as ie ae Be ceieh ant 
As ‘a. result », ‘final verification ‘of. ‘the characteristics ‘of 
the airplane's motion. in this: flight | ‘situation. (as5° of. course, on ha 
in most. others) ‘requires performance of flight tésts. ‘Further ons 
flight tests are the _only. method from.which reliable practical. nae 
recommendations can be developed as to piloting technique both | 
at the instant of an unexpected engine fatlure and in the. Subsé- 
quent .flight. up.to and.,including . landing. . 8 


Experimental determination of flight characteristics with 
unbalanced thrust 1i8.now.a mandatory element, of.the flight- =test- 
ing programs for all aircraft having two or more engines. |. 


All characteristics. Subject. to: determination in. these tests. 
can be broken down arbitrarily into two basic eneuPe: 


1L): ‘the. characteristics of the airplane! $ divergent ‘nonsteady | 
motion ° immediately after a one-sided engine failure, and 


2) eWanacéeertet es: of ‘steady flight with - partial and nb al - 


anced thrust. 

. This subdivision is, a ‘course , quite | arbitrary; “A number. of. - 
important cases in which it would be difficult to hold strictly to 
it could be cited.-. Thus, for example, an engine failure:on take-. 
off first requires” countering of the divergent yawing and’ rolling 28 
motions and eventually a steady yee Nevertheless, this — 
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subdivision As “quite. ‘workab Ye ° ‘for: ‘determination of the composi ~ 
tion and” “Sequence of unbalanced=thrust test, flights. | 


Like the Sechataué used in saxtemiine: erent: the spocieie list 
of points .covered by the program of flight tests naturally var- 
jes Substantially ‘for alrerart, ‘differing in. type, ‘weight, and 
powerplant’ makeup .. toes | 


~~} , eat 
t we 
- 


However , ertain b pecans, 'eybadal pinning ain: the Weston: 
of these programs ‘and ° ‘techniques: are’ ‘applicable: toe an “overwhelming . 
majority: OF test | PE ee: 


a _eP 
wes > ar i ™ . *. ; . 34 Bae = 
ad chee Ng <4 eet es i‘ ’ fs 


T¢ “must: Be: ‘noted’ first “6P°ari thers ‘as “is ‘evident: from: the. 
preceding chapters, unbalanced-thrust flight characteristics vary | 
widely: they vary, for a given aircraft with changes in altitude, 
flight wetght; configuration: the combinations of riinntng and in- | 
operative engines, etc. In flight tests, therefore, the corre=" 
sponding characteristics of each aircraft, are. determined for var-,. 
ious combinations ‘of: powerplant d6utput, ‘direraft ‘configuration, . 
piloting technique, ‘altitude 5 “and” “speed in ‘order: to: approach - pro- 
gressively’ ‘the combination Or” ‘these’: ‘parameters: ‘that. ts. least’ favor-. 
able Ceritical)” for the particular’ case... : 


ia me 7 a 2 3 .- f 
awa 


Pod 
one 


- The traditional flight-testing’ ‘principle of moving: greduaity- “184 
has the simple to the complex and from the known ‘to the unknown’ ; 
must be especially strictly observed in in-flight studies of the 
dynamics of an ‘airplane with one- -sided engine failures: Departures 
from the flight= -plan ° sequence’ and’ ‘transitions to more critical | 

regimes before’ less ‘critical régimes. have ‘been thoroughly ‘studied 
(including “decoding ‘and analysis of the monitoring-instrument ress 
cords ) are’ categorically forbidden: an 


In accordance with the above, Gubadenece=tanuse tests must oa 
performed: 


Se pom -+- . ve 4. 


1)" at ‘low’ ‘artatudés : ‘(and éspectaliy near: the ground): after re 
medium- and high-altitude’ tests; te ; 


2) at low ‘spéeds after tests “at cruising’ and high’ speeds; 


3) with the critical engine switched off after engines with 
weaker influence ' on ‘the | airplane’ ‘s motion have’ been: ‘switched ‘oft; 


4) with abrupt thrust changes (for example, fuel~ -supply. shut- 
off) after smooth throttling-down; ' 


5) in the airplane's landing configuration after tests in ‘the 
cruising, and ‘then. in: the takeoff configuration; - 


6) in _unstéady ‘divergent- -motién regimes ' ‘after testing in 
steady ‘flight. regimes, etc. | ; 
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Apart from safety..considenations, which:dictate a certain. 
sequence in the conduct of -unbalanced-thrust; :tests; there is a. 
definite relation between. these.;tests -on, the;.one.-hand and certain - 
points in the complete flight- testing program for the particular.::' 
aircraft on the other. Thus, the airspeed indicator must be 
calibrated (its aerodynamic corrections determined) before deter- 
mination of any of the speeds characteristic for flight with 
partial and unbalanced thrust. In exactly ;the ‘same way, the 

safe takeoff speed ike Sore: assigned for performance of continued 


takeoffs requires preliminary, det ermination‘of--the- ‘safety speed 


Vea? ete . , 7” a : : oer ae che pee ey s sa de ; “ty 


Figure 84. An-10 Aircraft in Flight with Three. 
Engines Switched off. 7 ie 


oA f. a os 5 ome te pe 
“4 ‘ : Epa LEON 


All maneuvers necessary for evaluation of conformity ‘to the 
airworthiness standards must in all cases be performed during 
flight testing of each airplane. ; eae a - 


In flight tests, the airplane rae rule, flown under con- 
ditions that will practically never be encountered in. normal, ‘opera- 
tion. This is done to determine the controllability and power mar-— 
gins that remain unused in simpler cases (which are, accordingly, 
more probable in normal operation). Figure. 84 shows:one. of these. 
conditions: straight-line flight with slow loss of. altitude by a 
four-engined An-10 airplane with three’ engines wees off ane 
only one (outboard, no less). running. * - 


The monitoring and recording instrumentation needed for tests. /185 
of an airplane: in: unbalanced-thrust. flight does not generally re-. 
quire. anything: in addition. to the-outfit needed for determination 
of its other. characteristics,.namely: speed recorder, barograph, 
gyrograph,: accelerograph; inclinograph, automatic recorders for ' 
the - deflections of the aircraft.-and enerae. sociedaeel automatic ree 


i oF oie A 
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recorders for the efforts required ‘at the controls, and aut'omatic 
recorders for engine=performance parameters. It is also highly: 

desirable to have ey ene recorder or visual indicator. Or. a 
the angle of eEnee _ 


ut . 


ie) ode Nn ees. 
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Figure 85. Diagram of Processing of Flight Re- 
cords to Determine Basic Steady-Flight Character- 


istics of a ‘Two-Engined Airplane with Unbalanced 
Thrust. 


The characteristics of steady flight with one and two (on 
three- and four-engined aircraft) Engines. ‘switched off are deter- 
mined in straight-line flight conditions at various angles of roll 
(basically in the range between y = 0 and y v 8 = 0), several 
speeds, ranging from top speed at the given thrust to V1 .2Via a 


with . the running engines set to full and cruising thrust, in all 
basic ‘regular configurations of the airplane, etc. -By processing 
the data obtained in these flights, such as those shown in Fig. | 
85,* it is possible to determine the values: of min and Nias = f(H); 
Vy = f(H), 6 vw 7 Fy; V) ». 6, = fly, V) 5. Ea eta: ¥ 9 t.), 2, = 


= f(y, V, T a, and the other basic quantities characterizing the 


Figure 85 -1s borrowed from the book. by M.G. Kotik, A.V. Pavlov, 
I.M. Pashkovskiy, N.G. Shehitayev [7], which sets forth in detail — 
procedures for flight-testing of aircraft, including those involv— 
ing partial and unbalanced thrust. . 


165 . 


behavior of the airplane in steady flight “in ‘various.. configurations: 
and with various degrees of thrust imbalance, on the basis of. ,- /186 
which the range of capabilities of the aircraft in these cases 
can be established. and-.optimum ‘flight regimes..and piloting pro- 
cedures can..be arrived at for ‘the ‘most “rational. Mere eeeeeon 
these capabilities:.: ee, ee ee ee ae a 

‘The characteristics of: the acne aes mot Pork. at. the. aetank. Of. 
one~sided engine failure are ‘determined .with observance of. the. : 
above procedure in such a way that .this:sertles of test: regimes: .. is: 
culminates in simulation of abrupt shutdown of the critical engine 
with the powerplant operating at full thrust and the airplane 
moving at a speed V = 1.2-1.4 Vegas with countering of the result- 


ing divergent motion after a specified number of seconds (usually 
5) or on reaching the maximum permissible angle of roll. This 
time (At sam or Ate Tee is usually-taken as the basic quantita- 


tive characteristic of the airplane's motion in this case. The 


values of oa ae Pi. and Po required of the pilot to counter the 


roll and yaw must be determined simultaneously. 


The nonsteady unbalanced-thrust flight conditions whose /187 
parameters must be determined in flight tests also include turns 
toward both the running and the nonrunning engines, with angles of 
roll not exceeding the established Vora and ensuring observance of 


the condition Vy > Q. 


Aborted and continued takeoffs occupy a special position in 
tests of an aircraft in flight with unbalanced thrust. It goes 
without saying that these assignments, and the continued takeoffs 
in particular, must be carried out only after complete investiga- 
tion of the airplane under all other items of the program for these 
tests, in particular after definite establishment of the values of 
ie = f(V), 6. = f(V), P = f(V) with the critical engine out in 

Tt=0 
the airplane's takeoff configuration. 


The points at which critical-engine failure is simulated in 
the series of aborted and continued takeoffs must be shifted pro- 
gressively in opposite directions, i.e., from low to high takeoff- 
run speeds on aborted takeoffs and from steady climb to the lift- 
off point and then to even lower speeds, at which the airplane is 
still running along the ground, in the case of continued takeoffs. 
In the latter case, the limit to which the engine-shutoff speed 
can be lowered can be established by effects of two types: an ex- 
cessive increase in the continued-takeoff distance or excessive 
values of the o and P. needed to keep the airplane from yawing. — 


In the interests of more reliable determination of Naa as a func- 
tion of G, L and other parameters influencing it, it is desir- 


rwy 
able that the point of intersection of the L = f£(Vpos1) curves for 
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aborted .and ‘continued takeoffs be- OP carve’ in the course of. Tne 
ree a: tye ae BOS, Wey OK a 


ey 


& 


K1L elements: of:: vaiperdt't tests in. iebavanced=eheust. flight 
must be accompanied by.: amplified: quality ‘ratings from the: pilots.. 
This is necessary both for formulation of practical. recommenda- 
tions for piloting in: all of the diverse cases of flight with in- 
operative lateral ‘engines: and:.to confirm that control of.the air- 
plane doesnot require. "exceptional skill and excessively strained 


ec venvion) 1m: any of these cases. *.. a 
: . oe : gen. Te Set we erin 4 3 enue : F 
ve : 7 F , } = by r ! ms | ‘ - 
; i EG es i 
é } i , ae cls t ; i a 3 
re | foes Sh Se ae ; -j 
: i F i i epee : fal T ns e oe if 
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